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TECHNICAL  EVALUATION  REPORT 


by 

Leroy  H.Smith,  Jr 


1 .  TECHNICAL  EVALUATION  SUMMARY 

Twenty-three  papers  related  to  viscous  flow  in  turbomachines  were  presented  and  discussed  at  the  meeting.  Nearly 
half  of  these  dealt  with  analysis  of  the  flow  over  relatively  simple  isolated  geometries,  such  as  cascade  blades  with  uniform 
inlet  conditions,  but  Mach  numbers  from  zero  into  the  transonic  range  were  employed,  and  two-dimensional  flow 
separations  were  sometimes  treated.  All  workers  employed  a  boundary  layer  approach,  and  all  were  able  to  show  good, 
or  reasonably  good,  agreement  with  experiment. 

Four  of  the  papers  involved  detailed  studies  of  cascade  flows  with  non-uniform  inlet  conditions,  spacially 
non-uniform  (due  to  end  walls)  in  three  cases  and  temporally  non-uniform  (due  to  a  moving  upstream  blade  row)  in  the 
fourth  case.  In  all  cases  the  effects  of  these  non-uniformities  were  dramatic.  Adequate  analytical  treatments  for  these 
cases  were  not  presented  at  this  meeting,  although  it  is  believed  that  progress  is  being  made  elsewhere  on  so-called  Navier- 
Stokes  solvers  that  can  be  expected  to  be  applicable. 

The  remainder  of  the  papers  dealt  with  multi-blade-row  flows.  Some  of  these  included  attempts  at  analysis  using 
endwall  boundary  layer  integral  approaches,  which  appear  to  work  reasonably  well  for  the  cases  treated,  but,  in  the 
opinion  of  this  evaluator,  much  more  work  is  needed  before  they  can  be  used  with  confidence  on  untested  designs. 

Since  capabilities  for  the  treatment  of  isolated  goemetries  with  uniform  inflow  are  now  reasonably  satisfactory,  it  is 
recommended  that  researchers  now  focus  more  on  multi-blade-row  effects  such  as  unsteady  inflow,  skewed  annulus 
boundary  layers  and  flow  mixing.  The  employment  of  large  low-speed  multistage  turbomachines  for  this  research  is 
recommended. 


2.  INTRODUCTION 

For  at  least  two  reasons  it  was  appropriate  to  hold  a  Specialists’  Meeting  on  Viscous  Effects  in  Turbomachines  at  this 

time. 


First,  gas  turbine  manufacturers  have  by  now  largely  learned  how  to  avoid  or  cope  with  most  of  the  m^jor 
development  problems  of  earlier  days  -  such  as  compressor  stall  —  and  currently  there  is  great  interest  in  efficiency 
improvement,  which  can  result  from  a  more  accurate  treatment  of  viscous  flows. 

Second,  computational  fluid  dynamics  has  received  much  attention  in  recent  years  in  many  different  areas,  so  a 
comparison  of  progress  among  workers  is  appropriate.  This  was  foreseen  at  the  1 977  Specialists’  Meeting  on  Secondary 
Flows  in  Turbomachines,  where  it  was  recommended  that  the  same  subject  be  considered  at  a  future  meeting  when  new 
theoretical  and  experimental  results  are  again  available. 

This  general  subject  is  an  important  one,  and  future  meetings  at  roughly  five  year  intervals  can  be  anticipated. 


3.  CONTENT  OF  THE  MEETING 

In  this  section  the  twenty-three  papers  presented  have  been  organised  into  six  groups  according  to  subject  matter, 
although  the  grouping  is  somewhat  arbitrary.  The  number  in  parentheses  after  each  author's  name  is  his  paper  number. 

Group  1 :  Treatment  of  External  Flow: 

Le  BeHeur  ( I )  presented  calculations  o  -  <e  flow  around  aircraft  wings;  these  showed  good  agreement  with 
experiment  even  when  the  flow  wet  transonic  and  the  wing  geometry  was  rather  complex.  The  baric  approach  used  for 
the  caicuisttons  involved  an  invkcid  free-etream  ann'yris  coupled  with  a  boundary -layer  integral  ai  -dyris,  the  boundary 
layer  displacement  thickness  being  represented  by  fictitious  blowing  and  auction.  The  Frandtl  boundary  layer  approach 
to  the  treatment  of  vtacoue  flow  problems  was  thus  verified  for  external  flows,  which  is  a  necessary  condition  for  its 


Vi 


application  to  internal  flows.  This  is  fortunate  because,  as  we  shall  see,  all  of  the  analysts  who  presented  viscous  flow 
analyses  at  this  meeting  employed  a  boundary  layer  approach.  Lambropoulos,  Ktenidis  and  Papailiou  (18)  showed  that 
the  flow  around  a  spinner  is  best  treated  in  the  relative  frame  of  reference  because,  in  that  frame,  boundary  layer  skew  is 
found  to  be  minimal. 

Group  2:  Treatment  of  Cascade  and  Passage  Flows 

Calvert  (2)  showed  that  the  boundary  layer  approach  also  works  well  for  some  internal  flows  of  interest,  namely 
transonic  compressor  cascades.  Other  workers  generally  supported  this  approach.  Meauze  and  Delery  (7)  gave  solutions 
for  channel  flows  with  shocks,  and  Fourmaux  (8)  showed  it  was  possible  to  find  a  displacement  streamline  that  matched 
input  (from  test)  static  pressures  using  an  inviscid  time-marching  free  stream  solution.  Werle  (9)  discussed  more 
specifically  how  the  boundary  layer  can  be  treated  when  a  two-dimensional  separation  is  involved.  Psarudakis  (12) 
showed  us  that  good  results  for  low  Mach  number  two-dimensional  cascades  could  be  obtained  by  coupling  a  boundary 
layer  method  with  a  Martensen-type  calculation,  and  Janssens  and  Hirsch  (3)  got  good  results  for  highly  loaded  subsonic 
two-dimensional  cascades  with  separation  present  using  a  finite  element  free  stream  analysis  iteratively  with  a  boundary 
layer  analysis.  Janssens  and  Hirsch  (3)  also  pointed  out  the  need  to  include  curvature  and  rotation  effects  in  turbulent 
stresses  when  appropriate  as  did  Aupoix  and  Cousteix  (14),  who  also  dealt  with  certain  three-dimensional  features  of 
boundary  layer  behaviour.  Lewis  and  Porthouse  (13)  presents  a  novel  method  for  treating  airfoils  in  stall  in  which  shed 
vortices  are  convected  away  by  the  total  flow  field  and  are  dispersed  statistically.  Although  this  method  (13)  provides 
useful  insight  into  stall  phenomena,  the  long  computational  time  involved  limits  its  usefulness  as  a  design  tool. 

Group  3:  Unsteady  Boundary  Layers 

Hodson  (10)  found  that  the  wakes  from  an  upstream  blade  row  can  cause  a  50%  loss  increase  at  the  mean  diameter 
of  a  high  aspect  ratio,  lightly  loaded  turbine  rotor,  and  his  beautifully  executed  measurements  showed  that  periodic 
movements  of  the  suction  surface  transition  point  are  responsible  for  this.  This  important  finding  deserves  further 
attention. 

Group  4 :  Three-Dimensional  Flow  in  Cascades 

Measurements  by  Moore  (5)  demonstrated  how  dominant  are  secondary  flows  in  a  low  aspect  ratio  turbine  cascade, 
and  Gregory-Smith  and  Graves  (17),  with  a  somewhat  higher  aspect  ratio  turbine  cascade,  also  found  secondary  flows  to 
be  quite  significant  in  loss  generation.  Tests  by  Boletis  and  Sieveiding  (16)  on  a  turbine  nozzle  annular  cascade  showed 
that,  with  colateral  inlet  annulus  boundary  layers,  endwall  losses  were  confined  to  the  endwall  regions,  i.e.  a  free  stream 
region  with  low  losses  existed  near  mid  span.  However,  when  the  inlet  hub  boundary  layer  was  skewed,  as  in  a  multistage 
turbine,  the  hub  secondary  flow  was  enhanced  to  the  extent  that  it  penetrated  the  midspan  region  with  high  loss  fluid. 
Other  researchers  should  take  note  of  this. 

Group  5 :  Multi-Blade-Row  Analyses  and  Tests 

All  of  the  work  in  this  category  dealt  with  axial-flow  compressors,  de  Ruyck  and  Hirsch  (19)  have  further  developed 
their  defect  force  models  and  are  showing  generally  good  agreement  with  experience,  as  are  Leboeuf  and  Naviere  (20) 
with  their  secondary  flow  approach.  The  effects  of  casing  roughness,  porosity,  and  clearance  were  studied  by  Elrod  and 
Bettner  (25),  who  found  that  roughness  adversely  affects  stall  margin  but  porosity  (simulated  by  perforated  plates) 
enhances  it.  Fottner  and  Lichtfuss  (4)  gave  laser  measurements  inside  the  first  rotor  of  a  three-stage  transonic  fan,  the 
design  of  which  had  been  based  on  cascade  analysis  and  experiments.  Sandel  (15)  described  a  multistage  through  flow 
analysis  that  is  under  development  and  which  includes  viscous  effects. 

Group  6:  Multi-Blade-Row  Experimental  Data  Sets 

Again,  only  axial-flow  compressor  results  were  presented  at  this  meeting.  Lakshminarayana,  Govindan  and  Murthy 
(2 1 ),  Ball,  Reid  and  Schmidt  (22),  Dunker  (23),  and  Dring,  Joslyn  and  Wagner  (24)  presented  data  sets  (two  at  high  speed 
and  two  at  low  speed)  that  provide  insights  and  potential  verification  cases  for  future  analyses. 


4.  CONCLUSIONS 

( 1 )  The  approach  employed  by  all  authors  for  the  calculation  of  viscous  flows  embodied  the  Prandtl  concept  of  an 
inviscid  free  stream  plus  viscous  boundary  layers.  The  authors  succeeded  in  showing  that  their  analyses  and  their 
data  could  be  brought  into  good  agreement  with  this  approach  for  the  relatively  simple  geometries  (airfoils  and 
cascades)  for  which  analysis  and  experiment  were  compared  in  detail. 

(2 )  Wakes  from  an  upstream  stator  were  found  by  Hodson  ( 1 0)  to  significantly  affect  the  development  of  a  turbine 
rotor  blade  suction  surface  boundary  layer.  Over  the  majority  of  the  rotor  suction  surface,  the  boundary  layer  was 
found  to  oscillate  between  characteristic  laminar  and  turbulent  states  in  sympathy  with  the  passage  of  the  stator 
wakes.  As  a  result  of  this  oscillating  change  of  state,  and  because  the  free  stream  velocity  is  in  anti-phase  with  the 
fluctuations  of  free  stream  turbulence,  the  levels  of  velocity  fluctuations  within  the  boundary  layer  are  much  greater 


than  those  found  in  conventional  laminar  or  turbulent  unsteady  boundary  layers.  This  caused  the  profile  loss  to  be 
50%  greater  than  was  measured  in  a  two-dimensional  cascade  of  identical  blade  profiles  with  uniform  inflow.  This  is 
an  important  finding  and  other  researchers  should  consider  whether  it  affects  their  work. 

(3)  The  secondary  flows  in  high  deflection  turbine  bladings  were  shown  once  again  to  be  highly  complex,  and  no  good 
way  to  analyze  them  was  presented.  As  had  been  concluded  at  the  49th  Specialists’  Meeting  on  Secondary  Flows  in 
Turbomachines  in  1977,  the  classical  Hawthorne  approach  was  found  (17)  to  be  inadequate  for  these  cases,  although 
one  discusser  felt  that  that  approach  might  give  reasonable  results  for  the  pitch-average  transverse  velocity 
distribution  as  it  often  does  on  lower  deflection  compressor  cascades.  Skewing  of  the  inlet  hub  boundary  layer  was 
found  (16)  to  significantly  affect  the  secondary  flow  in  an  annular  turbine  nozzle  cascade. 

(4)  Multi-blade-row  endwall  boundary  layer  integral  analyses  (19),  (20),  (25)  have  progressed  to  the  point  where 
reasonable  agreement  with  experiment  can  be  expected  in  most  cases,  although  flow  details  are  often  not  correctly 
deduced.  This  is,  presumably,  all  that  can  be  expected  for  some  time  to  come  because  such  complex  features  as 
steps  and  gaps,  clearances,  leakages,  unsteady  effects,  and  local  flow  separation  are  prevalent. 


5.  EVALUATION  AND  RECOMMENDATIONS 

The  meeting  well  served  its  purpose  of  providing  a  forum  for  disseminating  information  on  progress  by  research 
workers  in  this  very  important  field,  and  there  was  a  significant  amount  of  discussion  among  the  authors  and  other 
specialists  present.  As  is  usually  the  case,  designers  and  manufacturers  had  relatively  little  to  say,  but  we  were  listening 
and  will  incorporate  many  of  the  results  into  our  thinking  and  our  work. 

This  evaluator  recommends  that  the  work  cy  Hodson  (10)  be  given  special  attention,  and  that  it  be  expanded  at 
Cambridge  and  elsewhere.  Hodson  showed  that  the  proximity  of  an  adjacent  bladerow  can  be  very  important  to  the 
development  of  blade  boundary  layers  and  therefore  blade  losses.  This  work  brings  into  question  whether  boundary  layer 
methods  that  ignore  free  stream  unsteadiness,  (or  at  best  respond  only  to  isotropic  turbulence)  are  adequate  for  use  in 
optimizing  blade  designs  in  multi-blade-row  turbomachines.  The  type  of  research  facility  employed  by  Hodson,  i.e.  a  large 
scale  low-speed  machine  running  at  Reynolds  numbers  typical  of  those  encountered  in  aircraft  engine  low  pressure 
turbines,  is  ideally  suited  for  this  kind  of  research.  Additional  work  should  include  experiments  with  more  two-  or  three- 
stage  configurations. 

An  important  subject  that  was  not  discussed  at  the  meeting  is  the  development  of  so-called  Navier-Stokes  computer 
codes,  or  three-dimensional  solvers  that  contain  laminar  and  turbulent  shear  stress  models  that  are  active  at  the  flow 
boundaries  and  in  wakes.  Work  on  such  codes  is  quietly  going  on  at  several  places,  and,  as  computer  capacity  and 
availability  increase,  we  can  expect  to  see  these  codes  in  general  use  for  turbomachinery  design  in  a  few  years. 
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RESUME 


Lee  techniques  numdriques  d’ interaction  fluide  parfait  -  fluide  visqueux  sont 
analyses  d'une  maniAre  trAs  globale,  prdcisant  les  grands  object if s  de  ddveloppement, 
leurs  possibility  et  leurs  contraintes. 

Se  limitant  ensuite  aux  mdthodes  intdgrales  coupldes  en  Formulation  Ddficitaire, 
on  prdsente  quelques  exemples-types  de  calcul  d 'dcoulements  ddcollds  obtenus  en  adrodyna- 
mique  externe,  dans  l 'approximation  potentielle  du  f luide-parfait . 

On  prdsente  enfin  des  rdsultats  nouveaux  obtenus  en  adrodynamique  interne  par 
une  mdthode  intdgrale  ddficitaire  couplde  aux  Equations  d'Euler,  sur  une  conf iguration  de 
canal  transsonique  bloqud,  avec  interaction  onde  de  choc-couche  limite  turbulente,  condui- 
sant  A  un  petit  ddcollement .  Le  couplage  est  rdalisd  par  la  technique  de  relaxation  mixte 
prdcddemment  proposde,  directe  ou  semi-inverse  par  zones,  avec  contrGle  automat ique  local 
de  la  stabilitd  numdrique. 


PROGRESS  IN  COMPILATION  OF  VISCOUS  INVISCID  INTERACTION 


SUMMARY 


The  numerical  techniques  based  on  viscous-inviecid  interaction  are  surveyed  with 
a  very  global  view,  to  get  the  main  developments  areas,  the  capacities  and  constraints. 

Then  restricting  to  the  integral  methods  interacted  with  a  Defect  Formulation, 
typical  examples  are  presented  for  the  calculation  of  separated  flows  in  external  aerody¬ 
namics,  using  the  approximation  of  a  potential  inviacid  flow. 

At  last  are  presented  new  results  achieved  in  internal  aerodynamics,  using  a 
defect  integral  method  interacted  with  the  full  Euler  equations.  The  calculated  flow  is 
a  choked  transonic  channel  flow,  with  a  turbulent  shock  wave-boundary  layer  interaction 
which  generates  a  very  small  separation.  The  coupling  is  converged  with  the  previously 
suggested  zonal  relaxation  technique,  Direct  or  Semi-inverse,  including  a  local  and  auto¬ 
matic  control  of  the  numerical  stability. 


1.  INTRODUCTION 

La  valorisation  pratique  des  progrAs  obtenus  ces  derniAres  anndes  dans  les  techniques  nu- 
mdriques  du  fluide  parfait,  tant  en  adrodynamique  externe  qu' interne,  requiert  une  atten¬ 
tion  croissante  A  la  prise  en  compte  de  la  viscositd,  notamroent  pour  les  dcoulements  des 
regimes  hors-adaptation. 

Aux  nombres  de  Reynolds  dlevds  des  applications,  1'un  des  object ifs  principaux  consiste  A 
determiner  des  dcoulements  qui  peuvent  encore  Acre  assimilds  A  ceux  d'un  fluide  parfait 
dans  leur  plus  grande  partie,  mais  dans  lesquels  les  conditions  aux  1 ionites  de  glissement 
(ou  de  Joukowski),  devenues  insuf fisantes ,  doivent  Stre  remplacdes  par  des  conditions 
d' interaction  avec  le  calcul  des  couches  visqueuses.  Ce  phdnotaAne  de  condi tionneraent  to¬ 
tal  du  fluide  parfait  par  des  couches  visqueuses  en  interaction,  dventuellement  trAs  minces, 
est  la  source  de  difficulty  de  calcul  bien  connues,  la  plus  souvent  multiples  dans  un 
m£me  dcoulement,  telles  que  les  bulbcs  de  ddcolleaent  de  bord  d'attaque,  de  bord  de  fuite, 
de  charge-arriAre  d'intrsdos,  de  culot  et  de  proche  sillage,  ainsi  que  les  interactions 
couche  limite-onde  de  choc. 


Les  techniques  numdrique*  les  plus  directes  consistent  A  rdsoudre  globe lament  des  Equations 
de  Navier-Stoke*  moyenndes  (NS)  compldtdes  d'un  modAle  de  turbulence  sur  1' ensemble  du 
domaine  fluide,  en  utilisant  des  mdthodes  ins tstionna ires .  Bien  que  trAs  fructueuses 
Cl,  2,4 J,  ces  techniques  numdrique*  globales  ne  s'appuient  pas  sur  la  physique  des  nombres 
de  Reynolds  dlevds  et  das  couches  visqueuses  minces*  Elies  sont  de  ce  fait  confrontdes, 
dans  le  domaine  de  1 'Adrodynamique,  A  des  difficultds  de  coGt  numdrique  et  de  discrd- 
tiaations  fines  des  couches  ou  soui-couchei  visqueuses,  en  I'absence  desquelles  la  qualitd 
de  l'approche  devient  i  Huso  ire. 

Les  techniques  nuadriques  d* interaction  se  diffdrencient  A  priori  seulement  par  la  nature 
indixecte  de  la  rdsolution  du  problAme  global  NS  prdcddent,  et  par  1 'incorporation  d'une 
mdth.de  numdrique  du  type  fluide  parfait.  Cette  derniAre  assure  le  calcul  de  1 'dcoulement 
rdel  dans  les  rdgions  A  viscositd  ndgligeable  et  coaporte  en  dahors  de  celles-ci  des  modi¬ 
fications  de  conditions  aux  liaitea  ou  d* Aquations,  de  telle  sorte  qua  le  calcul  Pseudo- 


Fluide-Parfait  obtenu  (Prddicteur)  puisee  etre  effectiveoent  conditionnd  par  un  calcul 
visqueux  compl^mentaire  (correcteur ) .  Cette  simple  dichoto  mie  du  problfcme  global  dquivaut 
k  une  simulation  numdrique  composite  sans  hidrarchisation  des  influences  du  prddicteur 
et  du  correcteur,  souvent  rdsolus  sur  des  domaines  de  calcul  superposes  [3-4 J.  Prddicteur 
et  correcteur  sont  notamment  assujettis  4  un  couplage  rdciproque  (couplage  fort).  Voisine 
de  la  physique  des  ph£nom£nesy  cette  approche  composite  est  par  nature  plus  apte  qu'une 
approche  directe  NS  &  la  simulation  precise  ou  dconomique  des  nombres  de  Reynolds  dlevds. 
Clle  est  en  contre-partie  plus  complexe  et  ndcessite  la  maitrise  simultande  de  trois  algo- 
rithmes  numdriques  diffdrents,  rdaolvant  respectivement  le  prddicteur,  le  correcteur,  et 
le  couplage. 

Historiquement ,  cette  complexity  a  d'abord  conduit  k  associer  largement  1' approximation  aux 
techniques  numdriques  d 1  interaction,  notamment  au  niveau  des  yquations  visqueuses  rdsolues 
et  du  degry  de  couplage,  les  premiers  objectifs  ayant  dtd  ceux  de  calculs  yconomiques,  re  la- 
tivement  empiriques,  utilisable  dans  la  pratique  pour  des  applications  ddtermindes.  Le  bilan 
suscity  par  Monnerie,  Quinn[5]  lors  d'un  rdcent  Symposium  AGARD  pour  1 ' Ayrodynamique  externe 
a  cependant  montry  C6  ]  que  cet  objectif  primaire  a  ddjfe  dtd  largement  ddpassd.  Les  nombreux 
rdsultats  recueillis  par  exemple  par  Kline  et  A1 .  lore  de  la  Confdrence  AFOSR-S tan ford  1981 
f 7  J,  ainsi  que  par  Cebeci  lors  d'un  Symposium  trfes  rdcent  [8),  confirment  que  les  progrfes 
rdalisds,  tant  au  niveau  de  1 'extrapolation  des  cathodes  de  couche  limite  coupldes  que 
des  algorithmes  de  couplage  [3,  9],  permettent  d'incorporer  le  traitement  automatique  d' in¬ 
teraction  multiples  au  sein  d'un  m€me  ycoulement,  dycollements  minces  ou  interaction  couche 
limite  -  onde  de  choc,  en  bidimensionnel . 

Au  stade  actuel,  1 'objectif  des  techniques  numyriques  d' interaction  n'est  plus  dquivalent 
k  la  recherche  d'une  solution  "approximative"  au  problfeme  global  NS,  et  la  facility  offerte 
pour  introduire  des  approximations  reste  seulement  l'une  des  options  intdressantes .  II  est 
ainsi  possible  de  rechercher  des  rdsolutions  numyriques  visqueuses  ayant  des  discrd tisations 
spatiales  et  des  coQts  minimaux,  tout  en  conservant  un  minimum  d 'universality  vis  k  vis  des 
probldmes  de  dycollement  et  d' interaction  choc-couche  limite.  Cet  objectif  peut  etre  atteint 
par  exemple  en  gdndralisant  aux  rygimes  turbulents  ddcollds  ou  hors-dquilibre  les  mythodes 
intygrales  issues  des  techniques  de  couches  limites,  une  fois  ces  mythodes  convenab lement 
coupiyes  A  un  ycoulement  de  fluide  par fait  [10]. 

Rien  A  priori  n'exclut  cependant  plus,  en  s'appuyant  sur  les  mernes  algorithmes  numdriques 
d' interaction,  d'envisager  la  construction  de  solveurs  indirect s  pour  des  yquations  vis¬ 
queuses  moins  restrictives ,  telles  que  les  yquations  de  Navier-Stokes  paraboiisyes  ou 
completes .  Des  ddmarches  pry liminaires  de  cette  nature  ont  par  exemple  yty  donees  par 
Dodge  Ill),  Rubin,  Khoala  [12]. 

Une  analyse  complfete  des  techniques  numdriques  d ' interaction  ytant  ici  hors  de  portye, 
on  se  bornera  d'abord  A  examiner  briyvement  les  contraintes  et  lea  objectifs  de  ddvelop- 
pement.  Des  analyses  moins  restreintes  sont  accessibles  par  exemple  dans  les  rdfdrences 
[3,  4,  9,  13,  14,  5,  8l.Se  limitant  ensuite  aux  techniques  numyriques  k  discrdtisat ion 
minimale,  obtenues  au  moyen  de  mythodes  intygrales  "Dd ficitaires"  rigoureusement  cou¬ 
piyes,  ou  examine  la  quality  trfes  remarquable  de  la  modyiisation  yconomique  qu'elles 
fournissent.  Celle-ci  est  k  priori  meilleure  que  celle  donnye  par  des  yquations  de  Prandtl 
raccordye  au  fluide  parfait,en  raison  d'une  prise  en  compte  approximative  des  gradients 
de  pression  normaux.  II  a  en  outre  dtd  dtabli  [16,  17,  4,  15]  que  cette  moddlisation  est 
capable  de  traiter  le  dycollement  et  1* interaction  choc-couche  limite  des  rygimes  trans-  et 
super-son iques,  et  notamment  d'yiiminer  l'ycueil  dit  de  "couche  limite  supercritique", 
observd  dans  le  paced  par  Crocco,  Lees  [21]  en  raison  de  l'inaptitude  des  yquations  de 
Prandtl  raccorddea  k  ddcrire  la  pdndtration  des  ondes  de  choc  de  dycollement  au  sein  des 
couches  visqueuses. 

Outre  des  exemples  de  rdsultats  carac tdr is t iques  de  1 ' Ayrodynamique  externe,  oik  1 'approxi¬ 
mation  potentielle  du  fluide  parfait  a  did  retenue,  on  prdsente  les  premiers  rdsultats 
obtenus  en  ycoulement  interne  par  couplage  avec  les  dquations  d' Euler  completes,  sur  une 
configuration  d' interaction  couche  limite-onde  de  choc  dans  un  canal  transsonique . 


2.  OBJECTIFS  ET  CONTRAINTES  DBS  TECHNIQUES  NUMERIQUE8  D' INTERACTION 
2.1.  Diffyrents  objecti  fs_et_voi.es  de  ddvaloppenents  : 


Globalement,  et  inddpendamment  du  rdle  de  valorisation  directe  das  techniques  existantes 
en  fluide  parfait,  les  techniques  numdriques  d* interaction  sa  regroupent  sur  trois  objec¬ 
tifs  principaux  : 

2.1.1.  Solveurs jiumdr iques  par  tones  ou  sous -domains*  : 

En  extension  des  solveurs  numdr iques  NS  directs,  un  premier  objectif  cons is te  A  restreindre 
le  domeine  de  calcul  NS  au  strict  voisinaga  des  cones  visqueuses,  et  k  coupler  les  conditions 
aux  limites  avec  une  solution  de  fluide  parfait  externe  raccordde.  Cette  approche,  dite  de 
couplage  par  zones  ou  sous -domaines,  poasfede  que Iques  analogies  avec  celle  du  calcul  raccordd 
"Equations  de  Pranldtl  -  Fluide  Parfait",  en  ce  qui  concern*  les  probifemes  analyt iques  de 
raccordement  des  conditions  aux  limites,  ainsi  qua  des  multiples  algorithmes  numiriques  de 
couplage  possibles. 

Toutefois,  la  zone  visqueuae  Nt  ne  bdndficiant  pas,  fe  la  diffdrence  des  solveurs  d'dquations 
de  Prandtl,  d'une  technique  masdrique  rapids  merchant  d'amont  en  aval,  la  principals  diffi- 
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cultd  consiste  ft  ne  pas  compromettre  l'dconomie  moddrde  resultant  d'un  domaine  de  calcul  NS 
rdduit,  en  utilisant  une  relaxation  ft  convergence  lente  au  niveau  de  l 'algorithme  de  couplage 
[18,  191.  Bien  que  le  traitement  rdel'de  ce  problftme  reate  ft  acqudrir,  des  rdsultats  ont  pu 
etre  obtenus  ft  l'ONERA  [20]  en  faisant  appel  ft  une  resolution  instationnaire ,  explicite  et 
siraultande,  des  sytftmes  visqueux  et  non-visqueux,  sensiblement  hyperbol iques  au  raccord.  Lea 
propriety  de  cette  technique  re  1ft vent  cependant  encore  davantage  des  mdthodes  devolution 
et  des  solveurs  NS  directs  que  des  mdthodes  numdriques  d ' interact ion. 

2.1.2.  Sqlveura_economiques_ayec  approximations  de  coaches  minces  coupldeg  : 

En  extension  des  mdthodes  de  couche  limite,  le  second  objectif  consiste  ft  ddvelopper  des 
mdthodes  numdriques  dconoraiques ,  incluant  le  traitement  du  ddcollexnent  et  de  1 1  interaction 
couche  limite-onde  de  choc,  capables  de  calculer  globalement  des  dcoulements  complexes  ft 
interaction  fortes  et  multiples  sans  autre  donnde que  la  gdomdtrie,  mais  fondles  sur  une 
certaine  approximation  du  problftme  NS.  L 'approximation  la  plus  simple  est  celle  des  Equations 
de  Prandtl  raccorddes  au  fluide  par fait,  et  const itue  1* extension  de  l'idde  ddveloppde  par 
Crocco  [21}  en  supersonique. 

L'idde  plus  rdcente  de  "Formulation  Ddficitaire"  [3,  15,  10)  du  calcul  visqueux  ,  par  rapport 
ft  un  dcoulement  de  fluide  parfait  superposd  (prddicteur) ,  a  permis  d'dtablir  la  supdrioritd 
thdorique  du  concept  de  couplage  par  "vitesae  de  transpiration  ft  la  paroi",  et  de  prodiguer 
notamment  un  traitement  gdndral  de  1 ' interaction  choc-couche  limite  qui  faisait  ddfaut  au 
raodftle  de  Crocco.  La  Formulation  Ddficitaire  permet  en  outre  [10,  15]  d'introduire  natural* 
lement  les  mdthodes  intdgrales  du  type  couche  limite,  et  de  constater  qu'elles  sont  en  fait 
moins  restrictives  que  le  modftle  de  Prandtl  au  niveau  des  Equations,  cet  avantage  dtant 
toutefois  ponddrd  par  l'empirisme  plus  important  introduit  dans  la  moddlisation  de  fermeture 
des  sytftmes  d'dquations  intdgrales .  Enfin,  le  progrfts  sur  les  Equations  de  Prandtl  apportd 
aux  mdthodes  intdgrales  par  la  "Formulation  Dd ficitaire",  qui  consiste  ft  moddliser  le  gradient 
de  press ion  normal  interne  aux  couches  visqueuses  au  moyen  du  champ  de  pression  fluide* 
parfait  superposd  [10,  15],  a  pu  dgalement  etre  utilise  sans  difficult^  dans  des  techniques 
numdriques  construites  pour  les  Equations  de  Prandtl,  notamment  par  Carter  C22J,  Werle  [23], 
Wilmoth  f24  ]. 

Ainsi  qu'il  a  dtd  mentionnd,  la  technique  des  Equations  intdgrales  ddficitaires,  qui  rdduit 
le  problftme  visqueux  ft  des  Equations  aux  ddrivdes  partielles  "interactives"  intervenant  ex- 
clusivement  sur  les  frontiftres  ou  surfaces  de  discontinuity  du  fluide  parfait,  offre  1* avan¬ 
tage  de  minimiser  la  discretisation  des  problftmes  de  fortes  interactions  visqueuses.  Elle 
est  de  ce  fait  capable  de  minimiser  la  mdmoire  de  stockage  et  le  cofit  d'ordinateur  ndces- 
saires,  ou  encore  de  maximiser  la  complexity  des  dcoulementa  accessible*  au  calcul.  Elle 
constitue  la  premiftre  dtape  naturelle  de  gdndralisation  des  mdthodes  du  fluide  parfait. 

Les  techniques  interactives  de  couche  limite  gdndralisde  ,  ou  de  mdthodes  intdgrales  ddfi- 
citaires  actuelles  ,  possftdent  conceptuellement  une  gdndralitd  suffisante  pour  offrir  de 
nombreux  ddveloppements  non  encore  atteints ,  tant  en  bidimensionnel ,  qu'en  tridimens ionnel 
et  en  i  istationnaire,  en  incluant  la  presence  de  ddcol  lenient  s  non  gdndralisds.  Cette  dtape 
est  sans  doute  es sent iel lement  conditionnde  par  la  maitrise  d'algorithmes  numdriques  de 
couplage  rigoureux  plus  nombreux.  Elle  demande  encore  dgalement,  dans  le  caa  des  corps 
fuselds  tridimensionnels ,  un  effort  de  comprehension  pour  la  moddlisation  visqueuse  du 
problftme  des  lignes  de  separation  des  nappes  tourbillonnaires . 

Conceptuellement,  les  limitations  de  ces  model is at ions  de  couche  mince  interactive  appa- 
raissent  essentiellement  au  niveau  des  couches  limites  dpaisses  se  ddveloppant  dans  les 
coins,  en  tridimensionnel,  ainsi  qu'au  niveau  des  nappes  de  sillages  ft  geometries 
complexes,  enrouiees,  intermit tentes  ,  ou  confluentes  avec  les  couches  limites.  II  faut 
noter  cependant  que  le  recours  ft  des  solveurs  NS,  appropTies  ft  de  telles  configurations, 
suppose  une  dcheile  de  discretisation  bien  infdrieure  aux  structures  tourbillonnaires, 
sous  peine  de  voir  ddgdndrer  le  solveur  NS  en  un  simple  solveur  "Fluide-Parfait" »  c'est- 
ft-dire  ft  un  niveau  d* approximation  inclua  dans  les  techniques  de  couches  minces  inte¬ 
ractives  . 


2.1.3.  So lveurs_numdriques_comgo sites  : 

Conservant  parmi  lea  progrfts  obtenus  en  2.1.2.  ceux  qui  consistent  ft  rdsoudra  les  problftmea 
prddicteurs  pseudo- f luide-parfait  et  correcteur  visqueux  aur  dea  domaines  de  calcul  super- 
posds,  ft  rdsoudra  le  correcteur  visqueux  par  des  techniques  numdriques  merchant  itdrati- 
vement  d'amont  en  aval,  ft  rdsoudre  enfin  le  couplage  prddicteur-corractaur  au  moyen  d'algo¬ 
rithmes  icdratifs,  il  eat  ddsormais  concevable  [9,  10,  15,  11,  12,  25]  d'introduire  au 
niveau  du  correcteur  lea  tarmes  visqueux  udgligda  en  2.1.2.  et  de  donner  ainsi  accfta  ft 
des  solveurs  numdriques  NS  indirect*,  au  moins  au  niveau  des  equations  dites  "NS  Couche  Mince". 

Cette  generation  de  solveurs  NS  composites  correspond  ft  opdrer  la  dissociation  prddicteur- 
correcteur  cotnme  un  edatement  des  equations,  les  sous-systftmes  d'dquations  equivalents 
obtenus  etant  rdsolus  par  dea  techniques  numdriquas  mieux  conditionndes  aux  noabres  de 
Reynolds  dlevds. 

Contrairement  ft  l'approche  du  couplage  par  sous-domaines  2.1.1.,  une  dconoaie  et  un  meilleur 
condi tionnement  numdrique  sont  ici  accessibles  au  niveau  du  prddictsur  et  du  correcteur, 
par  le  recours  aux  solveurs  numdriques  rapides  de  fluide  parfait  et  da  couches  viaqueusea 
minces.  La  difficultd  principals  reste  cependant  de  ne  pas  compromattre  cet  evantage  au  ni- 
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veau  d'une  convergence  lente  ou  mal  contrdlde  de  l'algorithme  de  couplage.  En  ce  domaine, 
lee  progrfts  realises  dane  lea  solveura  approchds  2.1.2.  devraient  pouvoir  Stre  mis  ft  profit 
directement .  Enfin,  un  avantage  supplement* ire  pouvant  resulter  des  solveura  NS  compoeitee 
eat  celui  d'une  d4gdn4reacence  mieux  contrdlde  dee  performances  en  caa  d 'application  eur  dea 
mail leges  gross  ie  re,  cette  ddgdnerescence  conduieant  sensiblement  au  niveau  2.1.2.  Une 
commutation  par  zonea  du  calcul,  entre  les  niveaux  2.1.3.  et  2.1.2.,  peut  d'ailleure  etre 
envisagfte  simp lament. 


2.2.  Contrainte*  deg  calcJls  : 

2.2.1.  Echelles  de  discretisation  : 

Comperet ivement  aux  contraintee  habituellee  en  fluide  parfait,  une  echelle  de  discrdtisa- 
tion  plue  rdduite  eet  gdndralement  indiepeneable ,  au  moine  dans  lea  zone8  de  forte  inte¬ 
raction  viequeuae.  Cette  contrainte  porte  d'abord  dvidenment  aur  le  calcul  visqueux  cor- 
recteur  qui,  ft  1' exception  dea  mdthodes  intdgrales,  doit  rdsoudre  numdriquement  lea  gradiente 
intense*  dana  la  direction  normale  aux  couches  et  soua-couches ,  turbulentea  ou  visqueuses, 
tant  pour  les  grandeurs  Doyennes  que  pour  la  turbulence. 

La  contrainte  de  discretisation  fine  porte  egalement  d' autre  part  sur  la  direction  tangen- 
tielle  aux  couches  visqueusea,  dans  les  zones  de  forte  interaction.  Celle-ci  conditionne 
ausai  bien  le  prddicteur  pseudo-fluide-parfait  que  le  correcteur,  1 'aspect  interactif  de 
la  solution  composite  globale  rendant  illusoire  un  aous-maillage  unilateral  de  l'un  ou 
l'autre  calcul  selon  cette  direction.  L'echelle  de  "discretisation  minimale"  eat  celle  qui 
est  capable  de  resoudre  la  perturbation  apportee  au  fluide  parfait  externe  par  lea  couches 
visqueusea.  En  regime  turbulent,  l'echelle  de  cette  perturbation,  ddduite  de  l'analyse 
asymptotique  [14]  ou  experimental ,  est  de  l'ordre  de  l'epaisseur  de  la  couche  visqueuse 
turbulente  locale  en  amont  du  phenomftne.  Cette  echelle  de  discretisation  "minimale"  pour 
rdaoudre  les  problftmes  visqueux  d ' interaction  forte  eat  ef feet ivement  une  echelle  suffi- 
sante  en  cas  d' utilisation  d'une  methode  integrate  interactive. 


Cette  discretisation  minimale,  bien  que  moins  contraignante  que  l'echelle  necessaire  au 
correcteur  visqueux  dans  la  direction  normale,  peut  constituer  une  contrainte  importante 
qui  penalise  le  calcul  du  fluide  parfait  externe  toutes  lea  fois  que  les  couches  visqueusea 
en  interaction  aont  trfcs  minces  par  rapport  4  ldchelle  de  1 '4coulement  global.  XI  en  est 
ainai  par  exemple  en  cas  de^decollemant  on  d ' interaction  couche  limite-onde  de  choc  dana 
lea  regions  de  bord  d'attaque.  Une  discretisation  locale  plus  fine  de  l'ecoulement  non- 
visqueux  est  cependant  le  prix  minimal  necessaire  pour  donner  acc&s  au  calcul  des  regimes 
de  forte  interaction  visqueuse. 


2.2.2.  Model is at ion  dela_ turbulence 

II  est  clair  que  las  difficultea  et  limitations  rencontres  pour  modeiiser  la  turbulence 
dans  les  solveura  NS  directs  sont  retrouvees  en  totalite  dans  les  solveura  indirect*  que 
constituent  les  techniques  d' interact  ion.  Les  problftmes  suppiementaires  spftcifiques  &  ces 
techniques  apparaissent  au  nivaau  des  mode lisat ions  simplifies  raises  en  jeu  pour  la  fer- 
meture  des  mdthodes  intftgrales.  Plus  empiriques  k  priori,  ces  fermetures  exigent  non  seu- 
lement  une  modeiisation  des  termes  turbulents,  mais  encore  une  modeiisation  compldmentaire 
portant  sur  les  profils  de  vitesse  moyenne  des  couches  visqueusea.  En  contre-partie  de  ce 
double  empirisme,  une  modeiisation  trfts  precise  des  sous-couches  visqueusea,  tant  au 
niveau  des  vitesses  moyennes  que  de  la  turbulence  locale,  n'est  plus  un  facteur  determinant 
pour  la  precision  globale  de  ces  mftthodes,  qui  results  event  tout  des  grandeurs  macros- 
copiques  k  l'echelle  de  la  couche  visqueuse. 

A  cette  echelle,  une  representation  trfts  satisfaisante  des  profils  de  vitesse  moyenne  a 
pu  etre  obtenue,  tant  en  bidimensionnel  et  en  instationnaire  [13]  qu'en  tridimens ionnel  [10], 
grftce  k  une  extension  de  la  reprdsantation  composite  de  Coles  [26],  qui  combine  une  loi 
logarithmique  de  paroi  et  une  loi  de  sillage  "universelle" .  L'extension  comporte  un  change- 
ment  de  la  loi  de  sillage  et  permet  une  representation  unique,  couvrant  le  domaine  complet 
des  paramfttras  de  formes  de  couches  limites  ou  sillages,  avec  ou  sans  courants  de  retour [10]. 
En  tridimans ionnel  notamment,  la  representation  n'est  pas  limitde  aux  petits  decollements 
exempts  de  courants  de  retour  par  rapport  aux  lignes  de  courants  du  fluide  parfait  externe. 
Dans  ce  repftre,  l'ecoulement  transversal  est  suppose  ft  dftversement  unilateral,  fig.  1,  le 
profil  de  vitesse  visqueux  q  (  S ,  Cj  ,  Cj  )  etant  ddcrit  vac tor iel lament ,  6  dtant 

l'epaisseur  de  la  couche  visquauaa,  Ci  a/  Cj  daux  paramfttres  de  forme  independants. 

Les  vectcurs  unitairas  X  et  J  sont  res pact ivement  tangent  et  normal  au  vecteur 
vitesse  fluide-parfait  ^  J  -  f.y  : 

f-f -  v.  F(V)  tz.Uf? 

W  .  t)  ( Cl  X  *  C,j ) 

?. w-c,;] 


(l) 
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c, „  JIuciJTcj  c, .  flL 
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La  description  combine  une  compoaante^logarithmique  de  ciaaillement  2*  et  une  compo- 
sante  dAficitaire  plane  de  8illage  W  ,  W  n'Atant  pas  coplanaires .  La  "loi  uni- 

veraelle  de  paroi1'  fournit  Cf  «/  Ci  selon  (2).  La  fonction  de  sillage  F  (y )  eat  celle 
propoaAe  en  bidimenaionnel  [15].  Elle  incorpore  une  relation  relativement  empirique 
V*  (Cf  ,Cz )  pour  disaocier  la  couche  de  ciaaillement  principale  de  la  paroi  en  caa  de  d£col- 
lements  intensea  et  contrdler  la  viteaae  de  retour  maximale  (  eat  nul  pour  lea  dcou- 

lementa  attaches  ou  lea  dAcollements  naiaaanta)  : 


o)  F(7),f[1i£_J  f(,).[i.7*ja 

A  titre  de  gremi&re  approximation,  le  frottement  parietal  peut  etre  consid£r£  comne  coli- 
ndaire  A  2r  .  Aux  granda  nombrea  de  Raynolda,  dAcroit,  et  le  profil  polaire  donnd 
par  (1)  devient  approximativement  triangulaire .  La  representation  (1)  avec  *  0  fournit 
enfin  une  modllisation  dca  profile  de  sillage,  par  moitiAa  supdrieure  ou  inflrieure.  Lea 
mSiaea  profile  conviennent  en  £coulement  compreaaible  ou  inatationnaire,  lea  profile  de 
densitd  a'en  ddduiaant  A  partir  de  l'enthalpie  totala,  assimilable  A  celle  de  l'dcoulement 
externe  dans  le  caa  adiabatique. 

En  supplement  de  la  moddliaation  du  frottement  parietal  (2),  les  mAthodes  integrates  de- 
mandent  la  model isat ion  de  grandeurs  caractdriaant  globalement  la  turbulence  de  la  couche 
viequeuse,  telles  que  la  dissipation  globale  d'energie  par  unite  de  longueur  0,  ou  le  taux 
d'entrainement  turbulent  E.  II  eat  aiae  de  constater  C15]  que  la  fermeture  par  l'entraine- 
ment,  qui  eat  systematiquement  utiliade  dans  lea  exemples  donnes  ci-dessous,  ae  deduit 
directement  dea  proprietda  locales  dea  profils  de  viteases  et  de  la  turbulence  au  voisi- 
nage  imnediat  de  la  frontiAre  externe  dea  couches  viaqueuaes . 


Dans  le  caa  dea  turbulences  d 'dquilibrea ,  pour  lesquelles  un  module  algdbrique  simple  peut 
suffire  A  determiner  lea  contraintes  de  Reynolds,  la  fermeture  turbulente  dea  mdthodea 
intdgrale  peut  en  Acre  ddduite  directement  en  faiaant  appel  A  la  modeiiaation  des  profile 
de  vitesaes,  tant  pour  la  dissipation  globale  que  pour  1 'entjainement .  Dana  l'hypothAae 
d'un  module  de  longueur  de  melange  construit  sur  l'dchelle  f  1. y*J $  de  la  couche  de 

ciaaillement  principal*,  1 'entrainement  d’equilibre  eat  proportionnel  A  la  courbure  du 
profil  de  viteaae  en  }  =.  S  et  peut  8tre  deduit  de  (1),  m6me  en  presence  de  couranta 

de  retour.  En  incompressible  bidimenaionnel,  1* entrainement  et  la  dissipation  d'dquilibre 
'  <p  s'expriment  ainai  approximativement  115]  : 


(4) 


f  _ k. 

it-  1,22  yf  f 

.  £f  =  [ 0,053  (1.  UW)  _  0,162  _JL  J  /»,  X, 

*[lCfl- 1**1  *  0,016  ( 1  -  **)  J  X,  A, 


Si  eat  l'dpaiaeeur  de  ddplacement  (incompreeaibla ) .  Lea  termaa  correctifa 
aont  lida  au  coefficient  de  longueur  de  mdlange,  de  telle  eorte  que  Xt .  X,  . A,  .  1 
pour  une  couche  limite  rimple.  Lea  veleura  X,  *  2  ,  Cf.  O  conviennent  pour  un  til¬ 

lage  aimple.  Lea  tenaea  Xi ,  Xj  corraapondent  1  dee  correctiona  en  caa  de  turbulence 
extdrieure  ou  de  courbure  dea  lignee  de  courant  importantea,  prdciadea  en  C 15 1 . 


La  fermeture  turbulente  dee  mdthodaa  intdgralea,  4  priori  plua  empirique,  conduit  parado- 
xalement  4  une  robuateaee  accrue  dea  perfonancea  pratiquee  via  4  via  dea  dcouleaenta 
turbulente  complexea,  qui  a'expliqua  par  une  raatitution  taoina  ddtaillde  dea  phdnoa£nea. 

11  aerait  cependant  illuaoire  de  penaer  qu'une  moddliaation  d'dquilibre  puiaae  auffire  4 
ddcrire  univeraellement  l'entrainement,  la  connection  entre  l'dcoulenent  noyen  et  la 
turbulence  ayant  dtd  concentrde  aur  cat  unique  acalaire  par  l'approche  intdgrala.  Une  modd¬ 
liaation  hora-dqui libra  de  la  fermeture  intdgrale  par  1 1 entrainement  turbulent  conduit 
4  dea  effeta  aimilairea  4  ceux  d’dquationa  da  tranaport  pour  la  turbulence  ou  pour  lea 
tenaione  de  Reynold. .  Elle  a'av4ra  ndceaeaira  et  ddtarminanta  pour  lea  rdgimee  de  forte  inte¬ 
raction  4  ddcollement  rapide  ou  interaction  couche  limite-onde  de  choc.  Dana  lea  exemplea 
bidimenaionnela  ci-deaaoua,  on  utiliae  un  noddle  d'dcart  4  l'dquilibre  4  deux  dquationa 
diffdrentiellea  auxiliairea,  ddtailld  en  [IS,  10}.  La  noddle  auppoae  que  l'dcart  4  l'dqui¬ 
libre  X(x)  du  ciaaillement  turbulent  f/r^jaet  inddpandant  de  }  .11  auppoae  en  outre 

quf  X(x)»tt  ddtermind  par  dea  dquationa  ae  tranaport  eimplifidea,  rdgiaaant  laa  valeura 
T(x) ,  £(*)  ,  Z(x)  dea  grandeura  turbulanta  atoyenndea  aur  l'dpaiaaeur  de  la  couche  via- 
queuae'.  Laa  dquationa  aont  ddduitea  de  ca}lee  da  Launder ,  Hanjalic,  Rodi.  El  lea  font  appel 
4  daa  nivaaux  d'dquilibre  de  l'dnargia  ttf(tt)  ,  da  la  diaaipatioo  locale  cL/x)  __  at 
du  ciaaillement  tmfx)  ,  qui  peuvent  dtra  axprimdaa  C  15,10]  an  fonction  da 
Le  noddle  e'dcrit:7 
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£(*) 

.  A  (x) 

(x) 

<?(*) 

ff  (x) 

X(i)  = 
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2.2.3  -  Singularity*  -  Influence  amont  -  Hdthodes  inverses  ou  coupldes 

L* utilisation  d' Equations  da  quantity  de  mouvement  simplifides  pour  le  calcul  des  couches 
visqueuses  minces,  tel let  que  des  Equations  de  Prandtl  ou  das  Equations  intdgrales  ddfi- 
citaires,  peut  conduire  )  des  singularity*  dans  les  solutions.  Sans  rdalitd  physique, 
ces  singularity*  ddpendent  du  type  de  conditions  aux  Unites  imposdes  au  probldne  visqueux. 
Elies  apparaissent  notanment  en  thdorie  de  couche  Unite  ordinaire,  c'est-d-dire  en  1 'absen¬ 
ce  de  couplage  au  fluide  parfait,  avec  praasion  externe  imposde.  Des  exenples  typiques  sont 
ici  ceux  de  la  singularity  de  ddcollement  en  bidimens ionnel  stationnaire ,  ainsi  que  l'exis- 
tence  de  solutions  faibles  aux  systdnes  hyperboliques  des  dquations  intygrales  instation- 
naires  ou  tridimens ionnel les . 

II  a  main tenant  dtd  bien  dtabli  sur  les  examples  prdcddents,  par  voie  analytique  ou  essais 
numdriques ,  que  ces  singularity*  ne  diagnostiquent  pas  la  Unite  de  validity  des  dquations 
simplifides  utiliedes,  nais  essentiellement  la  linite  de  validity  d'une  rdsolution  visqueuse 
ddcouplde  du  calcul  de  la  pression.  Le  couplage  au  calcul  du  fluide  parfait  pernet  de  ce 
fait  d'dliminer  les  singularity*.  11  pernet  de  restaurer  sinultanyment  dans  le  calcul 
visqueux  la  possibility  d'une  convection  d* influence  vers  l'araont  (mdme  en  l'absence  de 
courants  de  retour)  par  le  biais  du  champ  de  pression  interactif  externe,  et  de  retrouver 
ainsi  une  moddlisation  des  domaines  d' influence  sinilaire  d  cells  offerte  par  les  solveurs 
NS. 

Cette  restitution  de  1' influence  amont  dans  les  calculs  visqueux  simplifids  au  moyen  du 
champ  de  pression  ne  peut  toutefois  dtre  assurde  exclusivement  par  le  fluide  parfait  dans 
les  zones  oft  celui-ci  est  localement  supersonique .  Dans  ce  cas,  1' influence  amont  (ou 
pseudo-ellipiticity  du  probldne)  doit  rdsulter  exclusivement  de  l'effet  de  "couplage  fort", 
et  peut  £tre  ef fectivement  restitude  dans  les  noddles  dits  "subcritiques".  Elle  peut  aussi 
parfois  dtre  dliminde,  comae  dans  le  cas  des  couches  "supercritiques"  de  Crocco-Lees  [21], 
le  traitement  du  ddcollement  supersonique  et  de  1 ' interaction  choc-couche  limite  devenant 
alors  impossible. 

De  la  mime  man id re  que  pour  les  singularity*  des  calculs  visqueux  ddcouplds,  il  a  dtd  dta- 
bli  (16,  4  ]  que  le  comportement  supercritique,  physiquement  irrdaliste,  ne  constituent 
pas  une  propridtd  intrinsdque  des  dquations  visqueuses  rdcolues,  mais  fait  aussi  intervenir 
le  noddle  de  couplage  mis  en  oeuvre.  La  conclusion  ddterminante  est  que  le  couplage  par  Vi¬ 
tesse  de  transpiration  b  la  paroi,  ou  la  "Formulation  Ddficitaire" ,  procurent  des  noddles 
toujour*  "suberitiques",  capable*  de  restituer  pleinement  1 'influence  amont  en  transsonique 
ou  supersonique.  II  en  rdsulte  en  particulier  que  les  ondes  de  choc  prdsentes  au  sein  de 
l'dcoulement  non-visqueux  coup 14  (prddicteur)  sont  toujours  attynudss avant  d'atteindre  les 
parois,  le  cas  dchdant  d  l'intdrieur  mSma  des  couches  visqueuses,  et  que  les  distributions 
de  pression  paridtales  calculdes  sont  toujours  continues. 

II  est  clair  que  la  suppression  des  singularity*  visqueuses  par  couplage  suppose  en  pratique 
que  les  calculs  visqueux  et  non-visqueux  puissant  dtre  rdsolus  simultanynent .  Dans  le  cas 
le  plus  frdquent  d'une  technique  nundrique  de  couplage  itdrative,  fondde  sur  des  calculs 
visqueux  et  non-visqueux  alternds,  les  singularity*  doivent  dgalenent  8tre  dliminde*  d 
cheque  itdration.  Le  proeddd  habitual  consiste  d  ddfinir  des  probldmes  visqueux  inverses, 
dans  lesquels  la  pression  deviant  une  grandeur  calculde.  La  sdlection  des  conditions  aux 
Unites  du  probldne  inverse  est  un  facteur  ddterminant.  Le  choix  de  l'dpaisseur  de  ddpla- 
cement  peut  en  particulier  conduire,  en  supersonique,  b  des  difficultds  ayant  un  lien  direct 
avec  le  probldne  des  noddles  "supercritiques"  [16,  9].  En  bidimens ionnel,  le  choix  optimal 
est  toujours,  semble-t'il  C9],  celui  de  la  vitesse  de  transpiration  d  la  paroi  ddfinie  par 
le  couplage. 


2.2.4.  Algorithnss  nundriques  dtcouglage  fort  : 


La  dissociation  du  probldne  global  en  sous-probldnet  prddicteur  et  correcteur  visqueux 
conduit  en  gdndral  d  des  sous -probldne*  nundriques  diserdtisds  dont  la  rdsolution  couplde 
directs  est  hors  de  portde.  Des  algorithnss  de  rdsolution  itdrative  doivent  de  ce  fait  itre 
mis  au  point.  L* aspect  nundrique  de  ce  probldne  epdcifique  et  conplexe  a  parfois  dtd  occultd 


par  I'idde  de  le  restreindre  au  simple  choix  d'un  enchainement  das  calculs  prddicteurs  at 
correcteurs,  ainsi  que  le  suggfere  par  example  1*  iteration  de  point  fixe  appliqude  4  1’dpais- 
seur  de  ddplacement  en  thdorie  da  coucha  limita.  Cette  approche  n'est  cependant  fondle  que 
si  le  couplage  est  faible,  c 'est-ft-dire  i i  la  convergence  de  1* iteration  n'est  pas  exigde. 

II  a  dtd  dtebli  en  particulier  (17]  que  cette  iteration,  discrdtisde  pat  des  schemas  nu- 
mdriques  consistent*,  peut  toujours  £tre  randua  instable  par  1 ' utilisation  de  maillages 
suf f isamment  fins,  mime  dans  le  cas  simple  d'une  couche  limite  de  plaque  plane. 

Outre  la  consistance  de  la  discretisation  des  Equations  de  couplage  (qui  exclut  lea  techni¬ 
ques  de  lissage)  et  la  stability  des  algorithmes,  la  convergence  des  iterations  donnant 
seeds  au  couplage  fort  doit  respecter  la  propagation  da  1' influence  visqueuse  vara  l'araont, 
notacsnent  Hans  les  zones  supersoniques .  Dans  ces  zones,  une  discretisation  totalement  dd- 
centree  vers  l'amont  serait  de  ce  fait  inconsistante .  Elle  serait  aussi  incapable  d'incor- 
porer  les  conditions  aux  limites  k  l'aval  qui  sont  necessaires  k  un  calcul  visqueux.  Les 
premiers  algor ithmes  de  couplage  presentant  une  generalite  suffisante,  en  ecoulement  super- 
sonique,  ont  dtd  recherches  par  Werle,  Vatsa  (27]  dans  des  techniques  pseudo-ins tat ionnaires , 
fondle 8  sur  1  addition  de  termes  ins tat ionnaires  fictifs  aux  equations  de  base,  et  destindes 
aux  prob limes  de  decollements  supersoniques  multiples  sur  des  rampes  de  compression  super¬ 
soniques  successives. 

La  plupart  des  autres  techiques  numdriques  de  couplage  disponibles  sont  des  methodes  de 
relaxation,  detailiees  en  (3,  9J  .  Les  premidres  methodes  ici  ont  ete  simplement  des  tech¬ 
niques  de  sous-relaxation  uniforme  et  arbitraire,  introduites  dana  1' iteration  aur  1'dpais- 
seur  de  deplacement ,  et  ajustees  par  tfttonnements  numeriques.  Elies  sont  utilisables  en 
l'absence  de  decollement,  sur  des  maillages  standard,  assez  ldches  par  rapport  k  l'echelle 
de  couches  visqueuses,  notamnoent  vis  k  vis  des  probldmes  d’ interaction  choc-couche  limite 
ou  de  bord  de  fuite.  Elies  constituent  encore  l'un  des  rares  accds  au  couplage  fort  en 
instationnaire  ou  en  tridimens ionnel . 

En  ecoulement  bidioens ionnel  stationnaire ,  une  technique  de  relaxation  veritable,  apportant 
un  contrdle  automatique  de  la  stabilite,  a  pu  §tre  obtenue  [17]  k  partir  de  la  mime  itera¬ 
tion  de  point  fixe  sur  l'effet  de  deplacement.  L' analyse  s'appuie  sur  une  approximation 
linearisee  de  la  stabilite  de  la  solution  du  fluide- parfait  vis  k  vis  de  petites  perturba¬ 
tions  des  conditions  aux  limites.  Cette  approximation  donne  accds  aux  coefficients  d'am- 
plification  de  1' iteration  de  couplage  dans  l'espace  de  Fourrier,  et  permet  de  determiner 
une  relaxation  optimala.  En  pratique,  la  stabilite  numerique  peut  etre  contrdiee  par  le 
calcul  en  chaque  noeud  d'un  coefficient  de  relaxation,  fonction  de  la  taille  des  mailles, 
du  nombre  de  Mach  et  d'un  paramdtre  de  forme  de  la  couche  visqueuse.  Le  contr&le  de  rela¬ 
xation  devient  cependant  impossible  au  decollement. 

En  presence  des  zones  ddcolldes,  le  necessaire  recours  k  des  methodes  inverses  pour  dli- 
miner  les  singularites  des  calculs  visqueux  a  d'abord  conduit  &  realiser  le  couplage  par 
des  iterations  de  point  fixe  "inverses''.  Dans  celles-ci  la  pression  resultant  du  calcul 
visqueux  est  imposee  comroe  condition  aux  limites  d'un  calcul  inverse  de  fluide  parfait, 
lequel  deiivre  k  son  tour  une  condition  aux  limites  du  calcul  visqueux,  epaisseur  de  de- 
placement  ou  vitesse  de  transpiration.  Dans  les  cas  simples,  la  stabilite  numerique  de 
l 'iteration  peut  encore  dtre  obtenue  par  une  simple  sous-relaxation  uniforme  et  arbitraire. 

De  mSme  que  pour  1' iteration  de  point  fixe  directe,  une  technique  de  relaxation  inverse 
veritable  a  pu  Stre  definie  [17],  en  introduisant  en  chaque  noeud  un  contrdle  local  du 
coefficient  de  relaxation  stabilisateur .  Cette  analyse  demontre  cependant  que  la  stabi¬ 
lite  de  la  relaxation  inverse  n'est  plus  conditionnee  par  la  taille  locale  des  mailles, 
mais  par  l'etendue  maximale  du  domaine  de  calcul  inverse  qui,  s'il  est  suf f isamment  im¬ 
portant,  peut  rendre  difficile  ou  incertaine  la  stabilisation  par  relaxation.  Le  recours 
possible  k  une  commutation  par  zones  entre  la  "relaxation  directe"  et  la  "relaxation 
inverse"  n'dlimine  pas  totalement  la  difficulty,  et  conduit  k  une  trda  grande  complexity 
du  calcul  non-visqueux,  parfois  prohibitive,  notansoent  en  transsonique. 

La  difficult^  peut  €tre  surmontde  par  des  mythodes  de  relaxation  plus  complexes  qua  celles 
de  point  fixe  "directes"  ou  "inverses".  L'une  des  voies  est  celle  de  techniques  un  peu  plus 
implicites  dana  la  direction  parallfele  &  la  frontifere  de  couplage,  voir  [3,  91.  Des  rd- 
sultats  ont  yty  essentiel lenient  obtenus  en  subsonique,  avac  des  mythodes  du  type  Gauss- 
Seidel  proposdes  par  Veldaan  f28],  Moses,  Kline  [29].  Des  mythodes  de  type  Newton  ont  pu 
aussi  dtre  mises  en  oeuvre  en  incompressible  C 30 1 . 

L'autre  voie  est  celle  des  mythodes  de  "relaxation  semi-inverse"  [17].  Leur  convergence  ft 
priori  plus  lente,  lide  ft  un  caractftre  explicite  analogue  ft  celui  des  mythodes  diractes 
ou  inverses,  est  compensye  par  la  possibility  d'utiliser  la  mCme  technique  avec  divers 
solveurs  de  fluide  parfait.  Dans  la  caa  des  solvaurs  par  relaxation,  las  convergences  du 
fluide  parfait  et  du  couplage  visqueux  sont  en  outre  simultande*.  La  technique  consiate 
ft  corriger  itdrativement  l'dpaisseur  de  dyplacement  ou  bien  la  vitesse  da  transpiration, 
ft  partir  de  l'erreur  mesurde  entre  les  distributions  de  prsssion  d'un  calcul  fluide-parfait 
direct  et  d'un  calcul  visqueux  inverse. 

La  mdthode  nuadrique  originelle  da  Le  Balleur  [17]  est  fonctionnelle  en  subsonique  couae  en 
supersonique,  et  comporte  en  chaque  noeud  un  contrdle  da  la  stability  du  type  sur-relaxation. 
De  nombreux  rdsultats  ont  aussi  dtd  obtenus  avec  la  mdthode  plus  rdcensiant  ddfinie  par 
Carter  [31],  qui  est  directement  une  forme  integrals  da  la  prdcddente  [3,  9].  En  supersoni- 
que,  un  amdnagament  da  la  mdthode  originelle  a  dtd  proposd  par  Wigton,  Holt  (32].  La  mdthode 
a  par  ailleura  dtd  dt endue  au  problftme  des  aillagaa  totalement  diasymdtriquae,  ainai  que  des 
dcoulements  queai-tridimensionnels  [13,  10].  Enfin,  une  premiftre  tentative  heuriatique  a 
dtd  faite  par  Wigton,  Yoshihara  [33]  pour  rdaliser  une  mdthode  semi-inverse  en  tridimen- 
s ionnel. 
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La  atthode  de  relaxation  terni-inverte  originelle  peut  §tre  facilemenC  rnnantfr  par  zones 
avec  la  ndthode  de  relaxation  directe,  L'enaaable  de*  rdaultata  ci-dessous  correspondent 
k  une  coaautation  autoaatique  lide  4u  paraafetr*  de  forae  de  la  couche  viaque^ae  A  1* ite¬ 
ration  conaiddrde  (  Hi  s  1.8  en  turbulent). 


EXEMPLES  DE  SOLVEUE S  PAR  METHQDE  INTEGRALS  &EFICITAIRE  EM  AERODYNAMIQUE  EXTERHt 


Moyennant  une  adaptation  dea  dpaiaaeura  intdgrales  aiaea  en  jeu  dene  lea  Equations,  ainai 
qu'un  couplage  fort  avec  un  ^couleaent  de  fluide  par fait  superpoad  aux  couches  viaqueuaea, 
lea  Aquations  integrates  traditionnellea  ddlivrent  une  approxiaation  au.  preaier  ordre  de 
la  "Formulation  DAf icitaire"  proposAe  pour  lea  Equations  de  Navier-Stokes  C 3 ,  15,  10).  Ellea 
ddlivrent  l'effet  de  ddplaceaent.  Une  aoddliaation  coepldaentaire  de  second  ordre  eat  gAnA- 
ralement  appliquAe  i  l'effet  de  courbure  dea  ail leges. 


3.1.  Formuiation_Ddficitaire^-_Mdthodea_intdgralea_aggrochdea  : 

Considdrant  en  bidimens ionnel  par  exemple  un  contour  }  ■  0  de  courbure  K  (x),  ddfiniaaant 
un  repdre  curviligne  orthogonal  tangent,  on  note  m.  ,W  lea  coapoaantea  de  la  vitesse,  £ 
la  densitd,  p,  la  preaaion,  lea  inconnoea  hoaologues  dans  un  calcul  prddicteur 

superposd  au  champ  visqueux,  &  m1+Ky  la  mdtrique,  V  lea  termea  de  contraintea  viaqueuaea. 
Le  probldme  dynamique  NS  s'dcrit  : 

(7)  f  aL  +  JlL  ,  k  h  rV 
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En  addition  dea  conditions  d 'adherence  aux  patois,  las  Equations  (9)  correspondent  ft  un 
couplage  anftlytique  continu  (matching)  avac  le  champ  lointain  non-visqueux.  La  Formulation 
Ddficitaire  suppose  que  le  prddicteur  vdrlfia  las  dquations  du  fluids  parfait,  le  systftma 
(7)  (8)  (9)  dtant  ddcomposd  en  un  systftma  dquivalant  : 

<i°>  £LLiALf  .  k  h  ,  o 

0t  dx  dj 


(ID  ±-(U.U)+  J~(F.F)t  .  K ( H-H ) s  -  V 

dt  'ax  djf 

Farois  :  f*r  (z,  O,  t)  -  J-  [*((-  f)  4  d  -f-  f ’(f*  -  fa)  4 

(12)  ■  iX  * 

.  Sill.ges  :  fv(x,0t,t)-fV(x,O.,t).  £.£((.?)  ,  -£  j'"(?u  -?£)J} 

(13)  Sillages  :  *  {x,  <7d,  t )  -  *  (x,  0-,t)  -  /  _  lilltj  Jr 

J-m  i)  * 

Lea  dquations  ddficitaires  (11)  pilotant  las  dcarts  induits  par  la  viscositd,  diractemsnt 
sur  lea  flux  U,  7,  G,  H.  Laur  intdgration  salon  t  au  travera  des  couches  viaqueuaea,  avac 
le  couplage  (9),  foumit  das  conditions  aux  limices  "axactes"  pour  la  fluids  parfait,  en 
effet  de  ddplacement  (12),  et  «n  effet  de  courbure  (13).  La  difference  avec  la  thdorie  de 
la  couche  limite  rdside  ici  dans  la  prise  en  compta  des  variations  selon  f  de  p ,  (*m  ,  ft  ,ji  . 

Si  dans  la  suite  le  termt  viequeux  V  eat  simplifid  dans  l'hypothftse  d' dquations  NS- 
coucha-mince,  et  si  de  aurcroit  un  ddveloppensnt  en  f  (dchella  de  la  couche  visqueuse) 
eat  appliqud,  lea  flux  simplifies  s'dcrivent  au  premier  ordre  : 
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avac  das  simplifications  similairaa  pour  las  flux  non-visqueux.  L'dquation  ddficitaire  de 
quantitd  da  mouvement  normals ,  compta  tanu  da  (9)  ddgdnftra  au  premier  ordre  en  p  (x,  x,  t) 
■  p  (x,  x,  t)  ,  ca  qui  annuls  l'effet  da  courbure  (13),  sans  toutefois  annular  la  gra¬ 
dient  da  prassion  normal.  Las  equations  ddfleitairas  integrals*  da  continuitd  et  da  quan¬ 
titd  de  mouvement  longitudinals,  ainai  qua  l'dquation  ddficitaire  da  quantitd  de  mouvemsnt 
an  j  •  t  (x,t )  (equation  d'entrainamant),  s'dcrivent  au  premier  ordre  (p  -  p) 

(is)  ifi  f  _L  _  jl/#  , , » o 

i  ei  M  fl  dr  1  J(x,0.t) 


1-9 


Ce  systfeme  d' Equations  integrates  traditionnelles ,  qui  peut  §tre  feme  par  la  modeiisation 
turbulente  (1)  (2)  (3)  (4)  (5)  (6),  determine  en  fait  dee  epaisseurs  integrates  "defici- 
tairea",  c 'eet-4-dire  mesurant  t'ecart  au  ftuide  parfait  compte  tenu  de  la  variation  en  z 
de  f,f : 

<J,  ?q(z,o,t)  =  P [e*  (*,}.*)'  e*  (z,}.t)]d} 

Jo 

(  4  *  &n)  ??(*,  0,  t)  --  j'  [pul  (x,j,  t)  -  pi  t)]  d} 

i  e  (x,<>,1)  =  /  [e(*,j,t)~  p(z,},t)]d} 

e 

Cette  definition  de  S$  ,ii  etimine  d'aitteurs  toute  approximation  sur  (15),  qui  est  iden- 
tique  h  (12).  Au  second  ordre,  une  modeiisation  de  liquation  deficitaire  de  quantite  de 
mouvement  normate  paut  s'appuyer  sur  la  courbure  "induite"  des  tignes  de  courants  non- 
visqueujses,  moyenn^e  selon  j  ,  K*(x.,0±,t)  : 

<19)  y-  =  **(*•*)  t (*'}■*)  - &*(*,}.*)] 


La  valeur  du  module  repose  sur  un  couplage  fort  mux  effets  visqueux  de  la  courbure  induite, 
K*  pouvant  Stre  asaimilde  1  la  courbure  de  la  surface  de  ddplacement .  Prds  d'un  bord  de 
fuite,  la  valeur  du  moddle  repose  en  outre  sur  le  respect  de  la  dissymdtrie  du  sillage,  tant 
pour  les  dpaisseurs  0^  ,  $11  que  pour  lea  courbures  induites  V.1(zt,t)ttK,(jt-,t),  dont  les 
signes  sont  gdndralement  opposes. 


3.2.  Couplage  -  Relaxation  directe  -  Relaxation  semi-inverse 

Dans  lea  exemples  ci-desaous,  seuls  les  calcula  inatationnaires  ou  tridimensionnels ,  encore 
restreints  aux  dcoulements  sans  ddcolleaent,  font  appel  1  un  couplage  par  simple  iteration 
sur  la  vitesae  de  transpiration  (x,  y,  o,  t),  avec  sous-relaxation  uniforme  et  empirique 
entre  les  iterations  n  et  n+1.  La  convergence  (sans  lissage),  en  cheque  noeud  et  &  cheque 
pas  de  temps,  assure  cependant  l'accds  au  couplage  fort,  avec  influence  lont. 

Dana  les  calculs  bidimens ionne Is  ou  quasi-tridimensionnels  (fliche  infinie),  la  mdthoda  nu- 
mdrique  de  couplage  est  toujours  la  methods  de  relaxation  mixte,  directe  ou  semi-inverse  par 
zones,  dvoqude  en  2.2.4.  Pourvu  que  le  maillage  soit  adapt*  4  l'dchelle  de  la  couche  visqueuse 
locale,  ells  offre  la  capacity  de  rdsoudre  las  ddcollements  ou  interactions  choc-couche  li- 
mites  multiples,  et  assure  le  contrSle  automatique  de  la  stabilitd  numdrique. 

Dans  le  cas  des  profils,  ells  determine  aussi  le  positionnement  da  la  ligne  moyenne  des  sil- 
lages  (lieu  du  minimum  de  vitessa  i  ),  sur  laqualle  eat  adaptde  itdrat ivement  la  coupure  du 
maillage  en  C  utiliad  pour  le  calcul  du  fluide  parfait.  La  mdthode  numdrique,  ddtaillde  en 
(13],  inclut  le  calcul  et  le  couplage  des  sillages  diasymdtriques .  Les  dquations  intdgrales 
(15)  (16)  (17)  (5)  (6)  sont  alors  rdsoluea  pour  les  moitids  supdrieures  et  infdrieures  du 
sillage,  fermdea  par  moddlisation  das  dami-profils  de  vitessa  (1)  (2)  (3)  (4),  et  coupldes 
sur  la  ligne  moyenne.  En  cas  da  sillages  ddcollds,  la  calcul  visqueux  local  est  rdaolu  en 
probltme  inverse,  les  effets  de  ddplacement  et  de  courbure  dtant  alors  donnds,  puis  couplds 
itdrativement  au  fluide  parfait  par  relaxation  semi-inverse  [15]. 

Dans  les  zones  de  calcul  visqueux  en  probltaa  direct,  la  relaxation  directe  de  couplage 
s'dcrit  an  chaqua  noeud  : 

4J.W,  (V- V%t  R)](Ziot) 

(21)  0<<O<2 
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La  vi tease  norm* 2 4  0  esc  celle  issue  du  calcul  visqueux.  Le  syabole  *  correspond  su  css 
du  sillsge.  R  esc  nul  pour  une  couche  liaite,  et  reprdsente  l'erreur  sngulaire  de  posi- 
tionnement  du  sillsge  ft  1' iteration  n,  nulle  &  convergence.  <J^c  est  le  coefficient  de 
relaxation  optimal  associd  au  coefficient  d' amplification  de  1' iteration  directs  aux 
nombret  d'ondes  cC  ,  prdcisd  en  [15].  Dans  les  zones  de  problftme  visqueux  inverse,  la 
relaxation  semi-inverse  s’dcrit  : 


(22) 


0<u><2  *  &<?[//  (<*•»)]  /»•//=  1 


La  vitesse  (j  est  celle  ddlivrde  par  le  calcul  visqueux  inverse,  <f*  dtant  la  vitesse  64- 
duite  du  fluide  parfait.  On  utilise  Q2*0 1  «/  4 >s*0  aux  noeuds  aubsoniques,  cjj9o  et 
aux  noeuds  supersoniques .  La  dissymdtrie  du  sillage  agit  ici  sur  le  calcul  des  coefficients 
d' amplification  yll£  ,  voir  [15]. 


3.3.  Solveur  transaonique  bidimensionnel  : 

La  resolution  interactive  des  Equations  intdgrales  completes  (15)  (16)  (17)  (5)  (6)  (20), 
ferrates  en  turbulent  par  (1)  (2)  (3)  (4),  conduit  ft  un  solveur  pour  les  dcoulements  compres- 
sibles  portants  avec  ddcollements  [15].  En  stationnaire,  le  couplage  fort  inclut  les  cou¬ 
ches  limites  laminaires-turbulentes  avec  transition  douce,  ainsi  que  les  sillages  dissy- 
rodtriques,  coxnpte  dtant  tenu  des  effets  de  ddplaceaent,  de  courbure  et  de  position  du 
sillage.  Les  bulbes  de  ddcollement ,  ainsi  que  d' import ants  ddcollemsnts  de  bord  de  fuite 
ont  pu  Stre  rdsolus  sur  des  profile  d’ailes,  sensiblement  jusqu'ft  la  portance  maximale. 

L1 approximation  de  I'dquation  du  potentiel  complete  a  dt 4  utiliade  par  le  fluide  parfait, 
rdsolu  par  differences  finies  selon  les  techniques  de  relaxation  conservatives  ou  non¬ 
conservatives  de  Chattot  [34],  la  relaxation  (21)  (22)  du  couplage  visqueux  dtant  opdrde 
8 irnul tan4ment ,  de  mime  que  les  adaptations  viaqueuses  du  maillage. 

La  figure  2  montre  1* aspect  du  maillage  A  convergence  pour  un  profil  NACA0012  &  basse 
vitesse  et  16°  d* incidence  (portance  maximale).  La  figure  3  montre  1' aspect  des  lignes  de 
courant  du  fluide  parfait  predicteur  et  1' importance  des  effets  de  vitesse  de  transpiration 
sur  le  champ  lointain,  la  valeur  nulle  de  la  fonction  du  courant,  en  pointilld,  reconsti- 
tuant  indirectement  la  surface  de  ddplacement  exacte.  La  description  analytique  (1)  des 
profils  de  vitesse  visqueux  correcteurs,  respectant  la  dissymdtrie  du  tillage,  permet  de 
reconstituer  la  solution  composite  prddicteur-correcteur  globalemaat  calculde.  La  figure  4 
en  donne  I'exemple  pour  un  ddcollement  de  bord  de  fuite  sur  la  section  NACA4412  4  basse 
vitesse,  au  maximum  de  portance,  sur  le  cas-test  de  la  Conference  AFOSR-Stanford-1980-81 
du  "profil  ddcrochd".  La  distribution  de  pression  correspondent*  apparait  figure  5. 

Les  figures  6  et  7  illustrent  les  rdsultats  transsoniques  typiques  obtenus  pour  des  profils 
aupercritiques,  sur  leacas-teat  de  Stanford-1980-81.  La  charge  arriftre ,  avec  ddcollement 
dventuel,  est  gdndralement  bien  restitute.  Lea  maillages  standard  sont  cependant  encore 
trop  grossiers  pour  rdaoudre  correctement  la  zone  d' interaction  choc-couche  liaite,  le  pas 
de  discretisation  dtant  souvent  du  mema  ordre  que  la  zone  d* interaction  complete.  Sur  ces 
maillages,  le  decollement  induit  par  un  choc  n'eet  pas  accessible  au  calcul.  En  l'abeence 
de  decollement,  un  simple  excfts  de  recompression  aprfts  choc  est  gdndralement  observe  lors- 
que  sont  utilisdes  les  techniques  numdriques  conservatives,  8  priori  cependant  les  plus 
rigoureuses  (figure  7). 


3.4.  Solveur  incompressible^-  Profile  multi-corps  : 

La  m6me  mdthode  numdrique  de  calcul  et  de  cot.  >^ve  des  couches  limites  ou  sillages  a  dtd 
mis  en  oeuvre  pour  les  profile  multiples,  en  incompressible.  Elle  utilise  pour  le  fluide 
parfait  potentiel  une  mdthode  de  singularitde  trfes  prdcise  ddveloppde  par  Ndron  [35].  Les 
itdrations  de  couplage  sont  effectudes  aprfts  ddtermination  de  la  matrice  d* influence  du 
fluide  parfait.  La  mdthode  est  valide  tant  que  les  couches  limites  et  sillages  multiples 
ne  sont  pas  confluents  dans  la  zone  utile  de  1 1 dcoulemsnt .  La  figure  9  illuatre  les  dis¬ 
tributions  de  pression  obtenues  par  Ndron  en  utilisant  le  couplage  visqueux,  dans  un  cas 
difficile  comportant  bee  et  volet,  figure  8.  Des  ddcollements  important*  sont  calculds 
ft  l'intrados  du  bee,  ft  I’intrados  du  corps  principal  ft  forte  charge  arriftre,  ft  l1 extradoe 
du  volat  ft  demi-ddcrochd .  La  gdomdtrie  rdelle  du  bee,  prdsentant  une  arftte  vive  et  une 
cavitd  ft  l'intrados,  a  cependant  dft  It re  adoucia  (exclusivement  dans  la  rdgion  d'eau  morte, 
bien  en  amont  du  recollement)  pour  rdaliser  le  calcul,  figure  8. 


3.5.  Culots  -  Volets  spoilers  : 

Le  solveur  transsonique  a  dtd  amdnagd  [36]  pour  moddliser  les  problftmss  de  culot  ou  de 
spoilers,  ceux-ci  dtant  assimilds  ft  des  marches  descandantes ,  figure  10.  Par  sinplicitd, 
le  calcul  potential  est  rdalisd  sur  une  gdomdtrie  approchde  exempte  de  discontinuitds, 
l'erreur  angulaire  de  gdomdtrie  dtant  transformde  en  une  vitesse  de  transpiration  ft  la 
paroi  dquivalente,  qui  est  cuswlde  avec  cells  ioduito  par  le  eouplogo  fort  aux  couches 
vlsqueuses.  Des  volumes  de  contrOle  globe ux  dvalusnt  les  surdpaississemants  brusques  des 
couches  vlsqueuses  aux  stations  de  discontuitds,  induisant  ou  non  le  ddcollement.  Le  re- 


col lenient  est  calculi,  qu'il  intervienne  A  la  paroi  ou  dan*  le  sillage.  Les  figures  11, 
12,  13  illustrent  les  rlsultats  obtenus  dans  le  cas  d'un  profil  gpais  llglrement  super- 
critique,  prlsentant  une  portance  negative  induite  par  braquage  de  10°  d'un  spoiler  d'ex- 
trados.  L'lcoulement  est  proche  du  dlcollement  ft  1 'articulation  du  spoiler.  Un  dlcolle- 
ment  important  est  induit  k  l'aval  du  spoiler,  un  plateau  de  pression  gtant  assez  bien 
prlvu,  de  mime  que  le  re jet  du  recollement  dans  le  sillage  gpais. 


3.6.  Ailes  transsonique*  enf Inches  nfini.es 

Une  extension  du  solveur  transsonique  aux  Icoulementa  dgcollls  quasi-tridimensionnels  tur- 
bulents  a  ggalement  ltd  obtenue,  prlsentement  dans  1* approximation  symltrique  du  sillage. 

La  mgthode  intggrale  visqueuse  introduit  la  modllisation  pleinement  tridimens ionne lie  des 
profils  de  vitesse  incluant  les  courants  de  retour  (1).  Elle  rlsout  en  probllme  inverse 
les  zones  dgcollles  avec  ou  sans  courants  de  retour.  La  technique  numgrique  reste  cependant 
quas i -bidimens ionne 1 le .  Le  couplage  fort  est  rlalisg  par  une  extension  des  mlthodes  de  re¬ 
laxation  directe  et  semi-inverse,  dans  lesquelles  l'effet  de  flftche  des  calculs  visqueux 
et  non-visqueux  vient  modifier  le  contrdle  local  et  automatique  de  la  stabilitg  numlrique. 
Les  figures  14,  15  montrent  des  rlsultats  obtenus  par  Blaise  [37}  pour  une  aile  supercri¬ 
tique  sans  dlcollement.  Si  la  comparaison  k  1' experience  est  peu  significative  en  raison 
de  la  tridimensionnalitl  experiment ale, la  figure  15  indique  qu'une  difference  sensible 
existe  entre  les  solutions  bidimens ionne lies  et  quasi-tridimensionnelles  recalles. 


3.7.  Profils  transsoniques  en  instationnaire  : 

Une  premiere  technique  numgi  que  consistante,  en  instationnaire ,  pour  rlsoudre  les  equations 
intlgrales  bidimens ionne lies  (15)  (16)  (17),  fermles  par  (1)  (2)  (3)  (4),  avec  couplage 
fort  k  l'lcoulement  pseudo-f luide-par fait ,  a  ltd  dlfinie  par  Le  Balleur,  Girodroux-Lavigne 
[381,  dans  le  cas  des  profils  transsoniques  exempts  de  ddcollement.  La  mgthode  rlsout  h 
chaque  pas  de  temps  les  equations  intlgrales  instationnaires  en  problgme  direct  par  une 
technique  implicite  merchant  d'amont  en  aval.  Elle  utilise  pour  le  fluide  parfait  une 
mgthode  implicite  de  petites  perturbations  transsoniques  pour  1 'equation  du  potentiel 
instationnaire,  dlvelopple  par  Couston,  Angelini.  Le  couplage  est  obtenu  par  simple  ite¬ 
ration  sous-relaxle  de  la  vitesse  de  transpiration  dlterminle  par  le  calcul  visqueux  des 
couches  limites  et  du  sillage,  la  convergence  de  l'itlration  gtant  exigle  k  chaque  pas  de 
temps  (couplage  fort  consistent).  La  figure  16  illustre  les  distributions  de  pression  ins¬ 
tationnaires  obtenues  pour  le  profil  NACA64A010  en  rggime  super critique,  en  oscillation 
de  tanguage  k  252  de  corde,  k  la  frequence  rlduite  k  -  0.40  basle  sur  la  corde,  le  premier 
harmonique  gtant  analyse  en  module  et  phase. 


3.8.  Vo ilures_ transsoniques 

Bien  que  la  Formulation  Dgficitaire  ainsi  que  les  equations  intlgrales  puiasent  fitre  aisl- 
ment  Icrites  en  t r id ioens ionne 1,  et  fermles  par  la  modllisation  glnlrale  (1)  (2)  (3)  (4), 

1' extent  Ion  en  3D  du  solveur  transsonique  bidiawns ionne 1 ,  capable  de  calculer  les  dlcolle- 
ments,  soullve  encore  des  difficultls  non  rlsolues  au  niveau  des  techniques  numlriques 
intimement  liles  que  nlcessitent  le  calcul  visqueux  et  le  couplage  fort. 

Dans  les  cas  non-dlcollls,  des  rlsultats  tridiawns ionne Is  sont  cependant  dljft  accessibles 
par  .des  techniques  numlriques  plus  simples.  Les  figures  17,  18  illustrent  les  rlsultats 
de  la  mlthode  dlfinie  par  Lazareff,  Le  Balleur  [39]  pour  les  voilures  transsoniques.  Le 
couplage  fort  sur  la  voilure  est  obtenu  par  simple  iteration  sous-relaxle  de  la  vitesse 
de  transpiration  dlterminle  aprls  calcul  des  couches  limites  (sillage  exclu).  La  mlthode 
utilise  la  technique  non-conservative  de  Chattot  [34]  pour  1 'equation  du  potentiel,  et  la 
mgthode  de  couche  limits  de  Cousteix  (40].  La  figure  17  visualise  par  sections  la  direction 
du  frotteawnt  A  l'intrados,  oil  l'effet  de  charge  arriftre  est  visible,  pour  la  voilure 
D7VLR-74  en  supercritique.  La  figure  18  visualise  la  pression. 


4.  EXEMPLE  D* EXTENSION  A  L'AERODYNAMIQUB  INTERNE  EN  TRANSSONIQUE 

Muagriquement ,  1 'ensemble  des  examples  de  calcul  prlcldents  peut  St re  directement  mis  en 
oeuvre  pour  des  Icoulements  internes,  du  type  canal  ou  profils  d'aubes  notament,  aussi 
long temps  que  1* approximation  potent ielle  de  l'lcoulement  externe  est  utilisable,  et  que 
les  couches  visqueuses  multiples,  dlcollles  ou  non,  ne  sont  pas  confluentes.  Si  nlcessaire, 
une  modllisation  plus  fine  de  1'entraineawnt  turbulent  pour  les  effets  de  turbulence  ex¬ 
terne,  de  rotation  ou  de  transition,  peut  Stre  envisagle. 

L 'aspect  numlrique  le  plus  nouveau  est  sans  doute  le  nlcessaire  recours  l  la  resolution 
des  equations  d'Euler  completes  ft  1 'apparition  du  blocage,  ainsi  que  1 'importance  accrue 
de  la  viscositl  et  des  dlcollements  pour  determiner  le  posit ionne  went  et  la  structure  des 
rlseaux  d'ondes  de  choc,  ft  cont re-press ion  donnle.  Le  recours  aux  equations  d'Euler  sou- 
lftve  d'abord  des  problftmes  nouveaux  de  conditions  aux  lisdtes,  lils  ft  la  presence  d'une 
"vitesse  de  transpiration"  des  parois  dans  la  Formulation  Dlficitaire.  D' autre  part,  la 
convergence  relativement  lente  sur  des  maillages  fins  des  techniques  pseudo-ins tat ionne ires 
[20]  rdsolvant  les  equations  d'Euler  rend  asses  peu  performantes  les  techniques  numlriques 
de  couplage  existantes,  par  relaxation,  fonddes  sur  une  succession  de  resolutions  station- 
naires  du  fluide  parfait. 


4.1.  Condition*  aux  limites  suppldme nti irts  del  d 'Euler  : 


La  Formulation  Ddficitaire  des  Equation*  MS  (10)  (11)  (12)  (13)  conduit  pour  le  prddicteur 
pseudo-f luide-par fait  4  une  condition  aux  limites  de  viteaae  normale  non-nulle  sur  lea 
parois,  la  donnde  de  cette  viteaae  normale  dtent  suffiaante  pour  determiner  l'dcoulement 
dans  1' approximation  potentielle.  Dana  le  caa  dea  equations  d' Euler  stationnairea ,  la 
viteaae  normale  reate  encore  une  condition  aux  limitea  suffiaante  pour  lea  zones  ou  la 
viscosite  induit  un  effet  de  suction  k  la  paroi.  Dans  lea  zones  d' inject ion  au  contraire, 
des  conditions  aux  limites  suppiementairea  doivent  St re  iaposdes  pour  determiner  les  niveaux 
d'entropie  et  d'enthalpie.  Cette  difficulte  est  en  particulier  dvoqude  par  Johnston,  Sockol 
f40],  Murman,  Bussing  [41],  Whitfield  et  al.  [42]. 

Ce  probldme  ne  coastitue  cependant  qu'une  difficulte  apparente,  donnant  au  contraire  une 
marge  d'adaptation  accrue  lorsqu'un  models  simple  eat  sdlectionnd  pour  calculer  le  correc- 
teur  visqueux  ddficitaire.  Le  problems  eat  lie  k  la  non-unicite  des  solutions  "Euler"  ca- 
pables  de  representer  le  fluide  visqueux  dans  une  solution  composite  faisant  appel  k  un 
problems  "correcteur  visqueux"  compiementaire.  Si  la  Formulation  Deficitaire  NS  complete 
est  resolue,  les  conditions  aux  limites  suppiementaires  du  pseudo-f luide-parfait  sont  in- 
ddterraindes,  un  choix  quelconque  de  l'entropie  du  calcul  prddicteur  pouvant  toujoura  £tre 
compensd,  par  resolution  des  equations  ddficitaires  completes  (11)  a.u  correcteur. 

Si  au  contraire  une  modeiisation  simple  eat  appliqude  au  correcteur  visqueux*  le  choix  de 
l'entropie  k  la  paroi  dans  le  calcul  predicteur  doit  §tre  optimise  de  faqon  k  minimiser 
les  approximations  mises  en  jeu.  Au  premier  ordre  par  exeraple,  equations  (14),  l'entropie 
nou-visqueuse  k  la  paroi  devra  dtre  choiaie  de  faqon  k  minimiser  l'ecart  des  pressions  vis- 
queuses  et  non-visqueuses ,  de  telle  sorte  que  p  (x,  z,  t,)  Gd  p  (x,  z,  t). 

Dans  le  cas  des  equations  integrales  deficitaires ,  un  crit&re  d' optimisation  supplement a ire 
sera  celui  de  la  validite  de  la  modeiisation  adoptee  pour  les  profile  de  vitesse  defici¬ 
taires  (1)  (2)  (3).  Dans  les  premiers  resultats  de  calcul  prdsentds  ci-dessoua,  on  a  pro- 
visoirement  adoptd,  faute  d'une  optimisation  precise,  et  par  analogie  avec  les  calculs  dd- 
veloppes  dans  1 ' approximation  potentielle,  une  condition  de  ddrivde  normale  nulle  de  l'en¬ 
tropie  k  la  paroi,  ce  qui  est  sensiblement  equivalent  k  une  extrapolation  suivant  la  normale. 


4.2.  Exemgle^dSin^canal^t ranssonique_avec_interoc tion_choc^couche_limite  : 

La  methode,  developpee  conjointement  avec  D.  Blaise,  utilise  exactement  les  mdmes  modules 
numdriques  de  calcul  visqueux  et  de  couplage  que  le  solveur  transsonique  bidimentionnel 
decrit  en  3.3.,  voir  [13].  11  rdsout  les  equations  integrales  deficitaires  stationnairea  (13) 
(16)  (17)  avec  deux  equations  de  transport  turbulent  (3)  (6),  fermdes  par  la  modeiisation 
des  profils  (1)  (2)  (3)  (4).  Le  couplage  fort  est  obtenu  par  les  methodes  de  relaxation  di- 
rectes  et  semi-inverses  avec  contrdle  automatique  de  la  stabilite  numdrique.  L' iteration  de 
couplage  est  effectuee  en  utilisant  pour  les  equations  d'Euler  des  cycles  d'environ  100  pas 
de  temps  de  la  methode  pseudo-instationnaire  explicite  k  enthalpie  totale  constante  de 
Veuillot,  Vi viand  [44]. 

La  configuration  calculde  est  celle  d'un  diffuseur  plan  symetrique  k  faible  divergence 
conduisant  k  un  choc  de  recompression  au  voisinage  de  M  ■  1.3,  experimente  par  Ddlery  (43), 
et  ayant  servi  de  support  k  des  calculs  par  solveur  NS  (20).  La  figure  19  montre  le  do- 
maine  utile  du  calcul  applique  k  la  moitid  infdrieure  du  diffuseur,  et  le  maillage  fin 
ndcessaire  A  la  resolution  de  la  zone  amont  de  1* interaction  choc-couche  limits  en  regime 
turbulent.  Compte  tenu  de  la  faible  divergence  de  veine,  la  valeur  numdrique  de  la  contre- 
pression,  supposde  uniforme  dans  la  section  de  sortie,  a  du  faire  l'objet  d'un  ajustement 
ddlicat  par  essais  successifs,  afin  de  positionner  au  mieux  l'onde  de  choc  par  rapport  k 
1’ experience.  Un  positionnement  plus  optimise  reste  cependant  possible. 

Les  figures  20  et  21  montrent  les  distributions  de  press ion  obtenues  It  la  paroi  pour  deux 
calculs  effectuds  ,  l'un  avec  un  entrainement  turbulent  d'dquilibre,  fig.  20,  l'autre  avec 
le  module  k  deux  equations,  fig.  21,  qui  semble  amdliorer  la  comparaison  I  i'expdrience. 

Les  figures  22,  23  coherent  aux  mesures  les  grandeurs  integrales  d'dpaisseur  de  depla¬ 
cement  et  de  param&tre  de  forme.  La  figure  23  montre  les  lignes  isobaras  du  pseudo- 
f luide-par fait,  qui  constituent  une  approximation  des  lignes  isobares  visqueuses.  On  note 
en  particulier  la  partie  incurvde  vers  1 'amont  du  pied  de  choc,  associde  k  1' influence 
amont  visqueuse,  l'dtalement  de  la  compression  au  niveau  de  la  paroi,  le  gradient  de 
pression  normal  non-nul  dans  la  couche  visqueusa  au  pied  du  choc.  La  figure  25  montre 
les  lignes  iso-Mach  de  la  solution  composite  reconstitude  avec  les  profils  de  vitesse 
turbulents  (1).  Enfin,  la  figure  26  montre  que  les  lignes  isochores  de  la  solution  nu- 
mdrique  composite  prdsentent  une  analogie  dtroite  avec  celles  ddduites  de  1* experience 
par  un  inter fdrogramme  en  teinte  plate. 


5.  CONCLUSIONS 

Les  progrts  des  mdthodes  numdriques  d' interaction  permettent  de  rdaliser,  tout  en  valo- 
risant  les  techniques  de  fluide  parfait  existantes,  des  solveurs  indirects  pour  calculer 
globalement  (ou  simulcr)  une  large  part  des  dcoulemsnts  complexes  k  grand  nonbre  de  Reynolds, 
en  adrodynamique  externe  ou  interne.  Ces  mdthodes  off rent  troia  voles  principales  et  coup ld- 
men  t  sires  de  ddveloppements  : 


(i  )  le  couplage  par  rone*  ou  sous -domains* ,  avec  raccordement  des  conditions  aux  limite* 
•ur  les  contours t  capable  d'intSgrer  localement  des  solveurs  directs  NS. 

(ii  )  les  techniques  de  couches  minces  interactives,  avec  recouvrement  des  domaines  de 
calcul  visqueux  et  non-viaqueux,  fonddea  sur  le  concept  d'une  approximation  A  la 
"Formulation  Ddf icitaire",  capables  d’intdgrer  les  techniques  de  couche-limite  et 
d'offrir  des  solveurs  dconomiques  incluant  le  ddcollement  et  1 ' interaction  choc- 
couche  limite. 

(iii)  la  gdndration  de  solveura  indirecta  NS  composites,  fondds  sur  la  decomposition  en 
sous-probldmes  numdriques  de  type  viaqueux  et  non-visqueux  couplds,  avec  recouvre¬ 
ment  des  domaines  de  calcul,  capable  d'intdgrer  les  mdthodes  numdriques  de  (ii)  et 
de  rdaoudre  le  probifeme  NS  par  des  techniques  de  relaxation. 

Parmi  les  solveurs  dconomiques  du  niveau  (ii),  des  rdsultats  trds  per formants  peuvent  8tre 
obtenus  par  couplage  fort  d'dquations  intdgrales  ddficitaires  aux  techniques  numdriques  de 
fluide  parfait,  avec  moddlisation  des  profils  de  vitesse  visqueux  et  de  1 'entrainement  tur¬ 
bulent  hora-dquilibre .  Ce  moddle  autorise  le  calcul  des  interactions  fortes  multiples ,  in¬ 
cluant  les  probl&mes  de  ddcollement,  d* interaction  choc-couche  limite,  de  sillage  ou  de 
culot .  II  conduit  pour  cea  probl&mes  au  solveur  numdrique  4  discrdtisation  minimale,  per- 
mettant  done  de  maximiser  la  complexitd  des  dcoulements  accessibles  au  calcul. 

Dans  cette  optique,  des  rdaultats  nouveaux  trds  encourageants  ont  dtd  obtenus  par  une 
mdthode  intdgrale  ddficitaire  couplde  A  des  dquations  d'Euler,  pour  le  traitement  des 
dcoulements  internes  tranasoniquea  bloquds,  dans  le  cat  d'une  interaction  choc-couche 
limite  avec  ldger  ddcollement. 
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DISCUSSION 


Ph.Ramette.Fr 

( 1 )  Dans  le  cas  de  la  resolution  des  equations  d’Euler,  vous  avez  fait  une  distinction  entre  les  zones  d’emission  a 
la  paroi  pour  lesquelles  il  faut  se  donner  3  valeurs  4  la  paroi  (vitesse  normale,  pression  totale  et  temperature 
totale)  et  les  zones  de  succion  pour  lesquelles  la  vitesse  normale  seule  est  suffisante.  Comment  expliquez-vous 
cette  dissymetrie  de  traitement  des  zones  d’emission  et  de  succion? 

(2)  Avec  la  methode  de  couplage  semi-directe  (non  visqueux  direct  et  visqueux  inverse),  il  est  possible  de  traiter 
les  cas  de  decollement.  Est-ce  que  cette  methode  permet  dgalement  le  traitement  des  chocs  en  resserrant  le 
maillage  au  niveau  de  I’onde  de  choc? 

Si  oui,  est-ce  egalement  le  cas  pour  un  ecoulement  entre  deux  parois? 

Reponse  d’Auteur 

( 1 )  La  “Formulation  Deficitaire”  impose  au  moins  une  condition  au  limites  “visqueuse”  au  fluide-parfait,  celle 
d’une  vitesse  normale  non-nulle  determinee  par  les  equations  visqueuses.  La  dissymetrie  de  traitement  des 
conditions  aux  limites  entre  les  zones  d'irtjection  et  de  succion,  dans  le  cas  des  equations  d’Euler  completes, 
rdsulte  seulement  de  l’analyse  du  fluide  parfait,  le  nombre  de  directions  caracteristiques  dirigees  vers  Pinterieur 
du  domaine  de  calcul  etant  identifie  au  nombre  de  conditions  aux  limites  ndcessaires.  Pour  une  vitesse  de  trans¬ 
piration  subsonique,  une  condition  suffit  en  cas  de  succion,  trois  conditions  etant  necessaires  en  cas  d’injection. 
Les  deux  conditions  suppiementaires,  qui  correspondent  a  la  possibility  d’injecter  un  ecoulement  stratifie  en 
dessous  de  la  surface  de  deplacement,  peuvent  etre  mises  a  profit  le  cas  dchdant  pour  ameiiorer  la  modeiisation 
appliqude  aux  equations  visqueuses  de  quantite  de  mouvement. 

(2)  La  technique  numerique  de  relaxation  "semi-inverse”  permet  le  couplage  visqueux  non-visqueux  en  presence 
de  decollements  en  nombre  quelconque,  sur  un  nombre  quelconque  de  parois  ou  d’obstacles  presents  dans 
recoupment.  Elle  peut  de  plus  propager  vets  1’amont  l’influence  induite  par  les  effets  visqueux  au  sein  des 
zones  supersoniques.  Par  son  principe,  la  methode  est  done  effectivement  capable,  sans  autre  donnee  que  la 
geometrie  et  la  pression  “aval”,  de  calculer  des  dcoulements  a  interaction  choc-couche  limite  multiples, 
induisant  ou  non  des  decollements,  pourvu  que  le  maillage  local  soit  assez  fin.  L’echelle  du  phenomene  est  de 
l’ordre  de  l’epaisseur  de  la  couche  visqueuse  en  debut  d’interaction.  Cette  echelle  peut  etre  obtenue  si 
ndeessaire  au  moyen  de  resserrements  locaux  du  maillage,  adaptds  4  la  position  des  chocs  par  iterations.  Pour 
le  couplage  des  equations  d’Euler  completes,  les  premiers  rdsultats  obtenus  ici  sur  un  ecoulement  interne 
symetrique  resolvent  une  interaction  choc-couche  limite  sur  une  seule  paroi,  avec  un  maillage  suffisant,  dans  le 
cas  d’un  trds  petit  decollement.  L’application  4  priori  possible,  au  calcul  d’un  canal  dissymetrique  n’a  pas 
encore  dtd  tentde,  mais  ne  demande  aucune  modification  majeure  du  calcul. 


K.Papailiou,  Gr 

(1)  Could  you  comment  on  the  Kutta  condition  you  are  using,  when  a  separation  is  present  near  the  trailing  edge? 

(2)  Do  you  take  into  account  the  turbulent  normal  fluctuation  terms  in  your  turbulent  model? 

Rdponse  d’Auteur 

(1 )  La  “Formulation  Deficitaire”  et  la  modeiisation  du  gradient  de  pression  normal  determinent  les  conditions  aux 
fimites  appliqudes  au  fluide-parfait  dans  le  proche  sillage,  le  long  d’une  coupure.  Celle-ci  prend  toujours  origine 
au  point  anguleux  du  bord  de  fuite,  dont  la  courbure  infinie  est  supposde  eiiminer  le  contoumement.  La 
direction  d’emission  de  la  coupure  au  bord  de  fuite  est  cependant  determinee  par  le  couplage,  et  differe 
notablement  de  la  bissectrice  du  bord  de  fuite.  En  chaque  noeud  de  couplage  sur  la  coupure,  l’effet  de  deplace¬ 
ment  introduit  un  saut  de  vitesse  normale,  et  1’effet  de  courbure  un  saut  de  pression.  Le  sauts  (qui  seraient  mils 
en  fluide  parfait)  sont  assujettis  4  un  couplage  fort  aux  equations  de  mouvement  visqueuses  tangentielles  et 
normales,  respectant  la  dissymetrie  du  sillage.  Pour  i’effet  de  courbure,  le  couplage  “fort”  utilise  la  courbure 
“induite”  des  surfaces  de  deplacement  supdrieures  et  inferieures,  dont  les  signes  sont  souvent  opposes, 
contrairement  aux  zones  de  sillage  lointain.  Il  en  rdsulte  que  la  valeur  de  la  pression  visqueuse  rdelle  sur  la 
coupure  n’est  pas  toujours  4  l’interieur  de  1’intervalle  deflni  par  les  niveaux  de  pression  du  fluide  parfait  de  part 
et  d’autre  de  la  coupure,  cet  effet  de  couplage  fort  au  bord  de  fuite  etant  conforme  4  1’experience. 

Par  ailleurs,  des  probldmes  purement  numerique  peuvent  etre  soulevds  en  fonction  des  techniques  de  resolution 
de  fluide  parfait.  Une  condition  “de  type  Kutta”  peut  parfois  etre  appliqude  en  un  noeud  de  bond  de  fuite 
distinct  des  noeuds  de  couplage,  les  conditions  de  sauts  correspondantes  etant  alors  interpoiees  dans  les  valeurs 
calcuiees  aux  noeuds  de  couplage.  De  mdme  un  traitement  special  du  couplage  numdrique  “Direct”  ou  “Semi- 
Inverse”  est  gdndralement  necessaire  au  noeud  de  bord  de  fuite. 

(2)  Le  seul  terme  turbulent  pris  en  compte  est  la  contrainte  de  cisaillement  uV  qui  agit  sur  le  frottement, 
l’entralnement  et  la  dissipation.  Le  calcul  de  rdcart  4  l’dquilibre  de  uV  fait  aussi  intervenir  une  modeiisation 
de  I’energie  cindtique  turbulente.  Il  est  vrai  que  les  termes  lids  aux  contraintes  normales  du  tenseur  de 
Reynolds  pourraient  dventuellement  avoir  une  influence  sur  le  bilan  visqueux  de  quantitd  de  mouvement 
normal,  au  second  ordre,  et  par  consequent  influer  sur  le  gradient  de  pression  normal  qui  ddflnit  1’effet  de 
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courbure  du  proche  sillage.  Aucun  evaluation  de  cet  effet  n’a  encore  Ate  tentee  dans  les  presents  calculs.  Une 
modelisation  serait  sans  doute  realisable. 


F.Leboeuf,  Fr 

Votre  modele  est-il  plus  performant  dans  le  cas  de  decollements  d’etendue  limitee  ou  de  decollements  complets  sur 
une  paroi? 

RAponse  d’Auteur 

Les  Equations  integrates  dAficitaires  avec  du  dAcollement  modelisent  les  Equations  de  Navier-Stokes  (NS)  de  Couches 
Minces.  De  ce  fait,  et  sauf  introduction  de  conditions  aux  limites  supplementaires,  le  calcul  des  decollements  n’a  de 
sens  qu  si  le  recollement  est  lui  aussi  calculi,  Aventuellement  dans  le  sillage.  L’etendue  gAometrique  du  decollement 
est  done  celle  d’une  bulbe.  L’Apaisseur  du  bulbe  doit  en  principe  rester  modArAe  pour  justifier  1’approximation  NS  - 
Couche  Mince,  mais  des  epaisseurs  de  20%  de  l’Achelle  de  reference  du  fluid  parfait  ne  semblent  pas  excessives  en 
pratique.  De  meme  la  longueur  du  bulbe  n’est  pas  significative  d’une  limite  d’application. 

La  limitation  intrinseque  et  la  modelisation  appliquAe  aux  profils  de  Vitesse  pour  rAsoudre  l’equation  de  quantity 
de  mouvement  longitudinale.  “L’universabilitA”  de  ces  profils  est  sans  doute  d’autant  plus  incertaines  que  la 
parametre  de  forme  est  plus  grand.  Les  bulbes  secondaires  ne  sont  par  exemple  pas  represents.  En  outre,  les  grands 
parametres  de  forme  rendent  aussi  plus  incertaine  la  modelisation  “hors-Aquilibre”  appliquAe  a  l’entrainement 
turbulent,  de  la  meme  maniAre  que  les  modeles  de  turbulence  des  solveurs  NS.  La  tendance  vers  une  pression 
“plateau”  aux  grands  parametres  de  forme  est  cependant  incluse  dans  les  equations,  la  pression  d’eau  morte  etant 
alors  peu  sensible  au  detail  des  vitesses  de  retour  dans  le  voisinage  de  la  paroi.  Enfin,  en  ecoulement  interne,  le 
confinement  doit  conduire  a  des  decollements  etendus  dans  lesquels  le  parametre  de  forme  maximal  reste  modAre. 


B.  Lakshminaray  ana 

( 1 )  Most  of  the  examples  you  showed  are  for  external  flows,  where  the  method  seems  to  work  well.  Many  of  the 
assumptions  you  made  in  deriving  the  viscid/inviscid  interaction  equations  are  not  valid  for  internal  flows, 
such  as  a  cascade  with  thick  boundary  layer  or  when  the  shock-boundary  layer  interaction  is  present.  Do  you 
think  this  method  is  good  for  internal  flows  as  well?  If  so,  do  you  have  any  examples  to  show  it. 

(2)  In  your  formulations  you  neglected  the  turbulence  quantities.  Inclusion  of  these  quantities  (especially  for  the 
near  wake)  may  change  the  equations.  What  is  the  error  introduced  in  neglecting  these  quantities? 

RAponse  d’Auteur 

( 1 )  Au  niveau  des  Equations  integrates  dAficitaires,  rien  ne  distingue  les  Acoulements  extemes  et  internes.  La 
“Formulation  DAficitaire”  calculant  1’Acoulement  visqueux  rAel  en  terms  d’ hearts  4  un  ecoulement  de  fluide 
parfait  fictif,  superpose  et  couple,  ce  dernier  deiivre  toujours  une  approximation  minimale  des  gradients 
normaux  existant  dans  les  couches  limites  epaisses,  quelques  soient  les  hypotheses  simplificatrices  des  equations 
visqueuses  “Deficitaires”  compiementaires.  En  cas  d’interaction  choc-couche  limite,  la  penetration  des  ondes 
de  choc  dans  l’epaisseur  de  la  couche  limite,  ainsi  que  leur  attenuation  progressive  qui  conduit  a  une  compres¬ 
sion  continue  4  la  paroi,  sont  ainsi  pris  en  compte  par  la  composante  “Fluide-Parfait-superpose”  du  modele. 

La  limitation  veritable  est  celle  des  relations  algAbriques  de  fermeture  appliquees  pour  l’entrainement  turbulent, 
ainsi  que  pour  l’une  des  epaisseurs  integrates  turbulentes.  Cette  fermeture,  fondee  sur  une  modelisation  des 
profils  de  vitesse  turbulents,  peut  a  priori  sembler  restrictive.  La  diversite  des  exemples  d’applications,  ainsi 
que  le  demier  exemple  du  calcul  de  l’interaction  choc-couche  limite  dans  un  ecoulement  interne  symetrique, 
montrent  cependant  que  cette  fermeture  integrate  deficitaire,  sans  etre  “universelle”,  se  compare  favorablement 
aux  modeles  complexes  pour  une  large  gamme  d’applications  dont  le  point  commun  est  l’existence  d’une 
direction  priviiegiee  pour  le  cisaillement  (couches  minces).  Le  calcul  des  decollements  de  spoiler  constitue  un 
exemple  d’application  avec  couches  limites  epaisses. 

(2)  La  seconde  partie  de  la  question  rejoint  celle  du  Dr  Papailiou  sur  l’importance  des  differents  termes  turbulents 
dans  les  equations.  Le  modAle  de  calcul  etant  une  simplification  des  Aquations  “Navier-Stokes-Couches  Minces” 
seul  le  terme  de  cisaillement  principal  uV  est  retenu.  L’erreur  introduite  par  cette  simplification  est  difficile 

4  estimer  compte  tenu  de  I’incertitude  attachAe  4  la  modelisation  du  terme  de  cisaillement  pris  en  compte. 
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APPLICATION  OF  AN  IN VISCID- VISCOUS  INTERACTION  METHOD 
TO  TRANSONIC  COMPRESSOR  CASCADES 

W  J  Calvert 

Turboraachinery  and  Installations  Department 
National  Gas  Turbine  Establishment 
Pyestock,  Farnborough,  Hampshire,  UK 


recent  ASME  paper  by  the  author  described  an  inviscid-viscous  interaction  method  to  predict  the 
blade- to-blade  flow  in  axial  compressors.  This  /ZJaper  presents  comparisons  between  the  predictions  from 
the  method  and  experimental  data  from  a  number  of  transonic  linear  cascades.  The  cascades  cover  a  wide 
range  of  duties,  with  inlet  Mach  numbers  varying  from  0.8  to  1.46  and  flow  deflections  from  7?  to  50°. 
Generally  the  predictions  are  in  good  agreement  with  the  test  data.  V  ^ 


aspect  ratio  of  cascade,  ie  span  at  mid  chord/chord 


blade  chord 


transformed  boundary  layer  shape  parameter 


*  e/pfl  (1-^)  dj 


Mach  number 
static  pressure 
total  pressure 

Reynolds  number  based  on  momentum  thickness 
blade  pitch,  or  surface  distance 
blade  maximug  thickness 
flow  velocity 

distance  in  chordwise  direction 

flow  angle,  degrees 

boundary  layer  displacement  thickness 

blade  stagger  angle,  degrees 

boundary  layer  momentum  thickness 

blade  camber  angle,  degrees 

static  density 

loss  coefficient  based  on  upstream  conditions 
stream  tube  contraction  (upstream/downstream) 


PTi  ~  PT» 


Subscripts 


conditions  at  upstream  boundary 
conditions  at  downstream  boundary 
design  value 
free  stream 
suction  surface 


1  INTRODUCTION 

The  blade* to-blade  flow  in  axial  compressors  for  aircraft  gaa  turbine  engines  is  very  complex.  The 
flow  is  generally  transonic,  sometimes  with  strong  shock  waves  present,  and  the  blade  surface  boundary 
layers  are  likely  to  come  close  to  separation  or  to  separate.  These  phenomena  make  it  difficult  to 
produce  accurate  predictions  of  the  detailed  flow  and  overall  performance  of  compressor  blade  sections, 
and  in  the  past  the  designer  has  often  been  forced  to  rely  on  correlations  of  the  performance  of  existing 
profiles  in  order  to  estimate  the  performance  of  a  new  profile.  Such  empirical  correlations  provide 
little  or  no  help  in  developing  better  blade  profiles. 

With  recent  advances  in  numerical  algorithms  for  lnviseld  and  viscous  flows  and  ths  techniques  for 
matching  them  together,  it  is  new  possible  to  produce  invi acid-viscous  solutions  for  ths  blade- to-blade 


flow  around  many  types  of  compressor  blade  section.  Reference  1  describes  one  such  calculation  method  for 
sections  with  leading  edge  normal  shock  waves,  and  this  method  has  since  been  developed  so  that  it  can 
cater  for  other  types  of  compressor  blade  section  as  well.  In  the  present  work  the  method  is  applied  to  a 
range  of  linear  compressor  cascades  and  the  predictions  are  compared  with  experimental  data  in  order  to 
determine  the  accuracy  and  limitations  of  the  technique. 

2  CALCULATION  METHOD 

The  general  form  of  the  calculation  method  is  described  in  Reference  1.  It  is  basically  a  mixed 
mode  invisc id-viscous  interaction  technique  for  quasi-3  dimensional  (Q3D)  blade- to-blade  flows,  ie  the 
blade- to-blade  flow  surface  is  assumed  to  be  axisymmetric ,  but  the  effects  of  rotation  and  of  varying 
radius  and  stream  tube  thickness  in  the  axial  direction  are  included.  The  inviscid  calculation  is  based 
on  the  improved  Denton  time  marching  technique2,  and  it  is  therefore  capable  of  calculating  transonic 
flows,  including  the  positions  and  strengths  of  shock  waves.  The  viscous  calculation  is  an  integral 
technique  consisting  of  three  parts  to  estimate  laminar  boundary  layer  development,  transition  point  and 
turbulent  boundary  layer  development  respectively. 

The  procedure  used  to  match  the  inviscid  and  viscous  parts  of  the  calculation  features  a  mixed  mode 
technique  in  order  to  handle  both  attached  and  separated  boundary  layer  flows.  On  the  pressure  surface  of 
the  blade  and  the  first  part  of  the  suction  surface  where  the  boundary  layers  should  be  attached,  a 
forward  mode  of  operation  is  used,  in  which  the  inviscid  calculation  determines  the  pressure  distribution 
for  a  given  blade  geometry  and  the  viscous  calculation  estimates  the  boundary  layer  growth  (and  hence  the 
effective  blade  shape)  corresponding  to  the  inviscid  pressure  distribution.  On  the  second  part  of  the 
suction  surface  where  the  boundary  layer  may  be  close  to  separation  or  completely  separated,  the  forward 
mode  may  become  unstable.  The  method  therefore  switches  to  an  inverse  mode,  in  which  the  inviscid 
calculation  determines  the  effective  blade  geometry  (and  hence  boundary  layer  displacement  thickness)  for 
a  given  surface  pressure  distribution,  and  the  viscous  calculation  estimates  the  surface  pressure 
distribution  corresponding  to  the  specified  boundary  layer  displacement  thickness.  The  displacement 
surface  model,  as  opposed  to  the  surface  transpiration  model,  is  employed,  and  second  order  boundary  layer 
effects  such  as  the  variation  in  static  pressure  across  the  layer  are  ignored  at  present. 

The  above  matching  procedure  was  initially  chosen  for  use  with  compressor  sections  operating  with 
leading  edge  normal  shock  waves.  However,  it  is  also  applicable  to  other  situations  and  the  calculation 
method  has  now  been  developed  to  allow  other  types  of  compressor  blades  to  be  studied.  For  example  the 
method  can  also  handle  high  deflection  transonic  (but  substantially  shock  free)  blades  such  as  the  VI  and 
V2  cascades  considered  in  Reference  3*  The  predicted  results  for  VI  and  V2  using  the  present  method  are 
similar  to  those  obtained  by  the  technique  used  in  Reference  3»  as  would  be  expected  since  they  both  use 
an  inviscid- viscous  approach  with  the  same  viscous  calculation. 

After  the  invisc id-viscous  interaction  has  converged,  usually  taken  to  be  when  the  maximum  error  in 
effective  geometry  between  one  cycle  and  the  next  is  less  than  0.05%  of  blade  pitch,  a  compressible  flow 
mixing  calculation1*  is  carried  out  to  determine  the  mean  flow  conditions  at  the  downstream  plane.  The 
inviscid-viscous  calculation  generally  takes  about  twice  the  number  of  time  steps  required  for  an  inviscid 
solution.  The  viscous  part  of  the  calculation  is  relatively  quick  and  so  total  computation  times  are 
roughly  twice  those  for  inviscid  solutions.  Typically  an  inviscid-viscous  solution  with  a  21  x  100 
calculating  grid  would  require  2  minutes  CPU  on  the  VAX  11/780  computer  +  10  minutes  CPC  on  the  FPS  164 
attached  processor.  These  times  are  sufficiently  short  for  the  method  to  be  used  as  a  design  tool. 

3  STREAM  TUBE  THICKNESS  DISTRIBUTION 

A  major  and  recurring  problem  in  comparing  the  theoretical  predictions  with  experimental  results 
from  cascade  tests  is  the  distribution  of  stream  tube  thickness.  In  the  experiment,  flow  condi tions  are 
measured  at  planes  upstream  and  downstream  of  the  cascade  and  from  these  measurements  a  value  of  overall 
stream  tube  contraction  (8)  can  be  calculated.  However,  there  is  generally  no  information  available 
regarding  the  variation  of  stream  tube  thickness  between  these  two  measuring  planes,  so  some  assumption 
must  be  made.  Transonic  flows  are  likely  to  be  very  sensitive  to  small  differences  in  flow  area  and  so 
the  accuracy  of  this  assumption  will  set  a  limit  to  the  accuracy  of  the  predictions,  independent  of  the 
imperfections  in  the  calculation  method.  The  same  point  applies  to  any  variations  of  stream  tube  thick¬ 
ness  in  the  pitchwise  direction  -  in  this  case  the  use  of  a  Q3D  calculation  method  means  that  a  constant 
value  has  to  be  assumed,  though  this  can  sometimes  be  far  from  the  truth  (see  Reference  5  for  example). 

4  COMPARISONS  WITH  MEASURED  CASCADE  DATA 

4.1  DFVL8  1030-4  cascade6’7 

This  cascade  is  derived  from  the  blade  section  at  45*  height  of  the  rotor  of  a  DFVLB  transonic 
coapressor  stags.  It  has  a  multiple  circular  arc  profile  and  is  designed  for  an  inlet  Mach  ninber  of  1.09 
and  a  flow  deflection  of  12. 5°.  Other  geometric  and  aerodynamic  design  parameters  are  given  in  Table  I. 
The  cascade  was  tested  over  a  range  of  inlet  Mach  numbers,  inlet  flow  angles,  back  pressures  and  stream 
tub.  contractions.  In  addition  to  measurements  of  up  and  downstream  flow  conditions  and  blade  surface 
static  pressures,  the  shock  patterns  were  observed  by  a  Schlieren  system  and  at  one  condition  near  the 
design  point  the  flow  field  was  also  investigated  using  laser  anemometry.  For  the  theoretical  predictions 
of  the  flow,  it  was  suggested?  that  a  linear  variation  of  stream  tube  thickness  should  be  taken  between 
the  cascade  leading  edge  and  trailing  edge  planes  with  constant  values  up  and  downstream.  This  assumption 
was  made  for  all  the  predictions  for  this  cascade. 

The  predictions  and  test  data  for  the  condition  near  design  point  are  compared  in  Figures  1  and  2. 
Apart  from  a  slight  overestimation  of  the  peak  suction  surface  value  there  is  a  very  close  match  between 
the  surface  pressure  coefficient  distributions.  Also,  despite  the  shock  smearing  inherent  in  the  time 
marching  calculation,  the  predicted  blade-to-blade  Mach  niaber  contours  are  in  remarkably  good  agreement 
with  those  derived  from  the  laser  anemometry  and  surface  pressure  mMSurwaents  (Figure  16  of  Reference  6). 
The  predicted  suction  surface  boundary  layer  growth  is  shown  in  the  bottom  half  of  Figure  1.  Transition 
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to  a  turbulent  boundary  layer  occurs  at  16#  chord  at  a  value  of  Reg  of  300.  The  shock  compression  starts 
at  40!6  chord  and  it  causes  a  rapid  rise  in  boundary  layer  shape  factor  and  displacement  thickness,  though 
no  actual  separation  is  predicted.  The  boundary  layer  then  recovers  before  once  again  approaching 
separation  near  the  blade  trailing  edge.  The  blade  therefore  appears  to  be  well  matched  to  its  duty.  The 
predicted  overall  performance  in  terms  of  static  pressure  rise  and  exit  flew  angle  is  in  good  agreement 
with  the  test  data  (see  Table  II),  but  the  predicted  total  loss  is  below  the  measured  value. 

In  view  of  the  fact  that  the  blade  surface  boundary  layers  are  predicted  to  remain  attached  in  this 
case,  it  might  be  expected  that  an  inviscid  solution  would  give  a  reasonable  approximation  to  the  measured 
data.  However,  as  can  be  seen  from  Figure  1  the  inviscid  solution  has  significantly  higher  loading  and 
the  flow  deflection  is  increased  from  12.8°  to  13*0°;  the  predicted  static  pressure  ratio  across  the 
cascade  is  increased  from  1.48  to  1.57.  Thus  even  though  the  blade  surface  boundary  layers  remain 
attached  they  have  a  significant  effect  on  the  overall  performance  of  the  cascade. 

Reference  6  also  presents  test  results  for  the  1030-4  cascade  at  four  different  values  of  inlet 
flow  angle  and  back  pressure,  the  inlet  Mach  number  being  kept  approximately  constant  at  1.02.  Predic¬ 
tions  for  these  four  conditions  are  compared  with  the  measured  surface  pressure  coefficients  in  Figure  3, 
and  the  predicted  Mach  number  contours  at  the  two  extreme  points  are  shown  in  Figure  4  -  the  contours  are 
in  good  qualitative  agreement  with  the  Schlieren  photographs  given  in  Figure  12  of  Reference  6.  At  high 
positive  incidence  there  is  a  normal  shock  wave  well  detached  from  the  blade  leading  edge  (Figure  4a). 
Considerable  spillage  of  flow  occurs  from  one  blade  passage  to  the  next  and  there  are  very  high  local 
incidence  angles  onto  the  blade  leading  edge  -  values  of  about  15°  to  the  blade  camber  line  are  predicted. 
This  type  of  situation  was  discussed  in  Reference  3,  and  it  was  suggested  that  the  likely  result  was 
immediate  separation  of  the  suction  surface  boundary  layer  followed  by  reattachment  as  a  turbulent  layer 
at  some  point  downstream.  The  present  inviscid-viscous  method  cannot  resolve  this  detail  using  a  finite 
difference  grid  within  practical  limits,  and  so  it  fails  to  predict  the  correct  suction  surface  boundary 
layer  development.  Thus  the  boundary  layer  blockage  over  the  rear  part  of  the  suction  surface  is  under¬ 
estimated,  and  the  predicted  surface  pressure  coefficients  (Figure  3a)  are  much  too  low.  Better  agreement 
with  the  test  data  can  be  achieved,  as  noted  in  Reference  3,  by  specifying  suitable  starting  conditions 
for  the  suction  surface  boundary  layer  calculation,  but  in  this  case  a  very  high  initial  value  of  Reg  of 
about  1000  would  be  required.  A  more  detailed  model  of  the  leading  edge  flow  is  obviously  needed  to 
investigate  the  matter  further. 

As  the  upstream  incidence  angle  is  reduced,  the  normal  shock  moves  downstream  and  the  flow  spillage 
is  considerably  reduced.  The  predictions  from  the  inviscid-viscous  technique  for  the  rest  of  the 
operating  range  are  in  much  better  agreement  with  the  test  data,  both  in  terms  of  surface  pressure 
distribution  (Figures  3b,  c,  d)  and  overall  performance  (Table  II).  At  the  design  inlet  flow  angle  of 
58.5°  (Figure  3b)  the  cascade  still  operates  with  a  detached  shock.  The  unique  incidence  condition  occurs 
at  a  flow  angle  of  57°  (Figure  3c)  and  this  value  is  accurately  predicted.  Further  reductions  in  back 
pressure  then  have  no  effect  on  the  upstream  conditions,  but  cause  a  supersonic  acceleration  within  the 
blade  passage  (Figures  3d  and  4b).  This  is  terminated  by  a  normal  shock  which  causes  complete  separation 
of  the  suction  surface  boundary  layer  -  at  the  trailing  edge  the  boundary  layer  displacement  thickness  is 
predicted  to  be  3.996  of  chord  with  a  shape  factor  of  6.5. 

4.2  DFVLR  1030-6  cascade6,7 

This  cascade  corresponds  to  the  blade  section  at  6896  height  of  the  same  transonic  rotor  from  which 
1030-4  was  derived.  It  again  has  a  multiple  circular  arc  profile  and  it  is  designed  for  an  inlet  Mach 
number  of  1.22  and  a  flow  deflection  of  7.9°  (see  Table  I  for  other  details).  As  for  the  1030-4  cascade, 
stream  tube  thickness  was  assumed  to  vary  linearly  between  the  cascade  leading  edge  and  trailing  edge 
planes.  The  predicted  performance  for  a  point  near  design  conditions  is  generally  in  good  agreement  with 
the  test  data  (Figure  5  and  Table  II),  though  loss  coefficient  is  again  underestimated.  The  prediction 
indicates  that  the  suction  surface  boundary  layer  separates  immediately  downstream  of  the  shock  wave,  but 
soon  reattaches  and  then  remains  attached  over  the  rest  of  the  surface.  The  displacement  thickness  at  the 
trailing  edge  is  1.19!  of  blade  chord. 

4.3  DDA  cascade6 

This  cascade  which  was  tested  by  Detroit  Diesel  Allison  is  once  again  derived  from  the  rotor  of  a 
compressor  stage.  The  stage  was  designed  for  a  pressure  ratio  of  3.0/1  which  results  in  a  very  arduous 
duty  for  the  blade  sections.  The  cascade  represents  the  section  at  63$  height  and  it  is  intended  to  turn 
the  flow  from  66.85°  to  34.46°  at  an  inlet  Mach  number  of  1.46.  The  duty  is  made  slightly  easier  fay  a 
a panwise  height  contraction  of  50)6  and  the  blades  are  more  closely  spaced  (s/c  »  0.526}  than  would  be 
possible  in  a  fan  stage  with  lower  huh/tip  ratio.  Other  details  are  given  in  Table  I.  For  prediction 
purposes  the  stream  tube  height  at  mid  span  of  the  cascade  was  assiaed  to  be  proportional  to  the  local 
spanwlse  height  up  to  the  blade  trailing  edge  and  then  to  reduce  by  a  further  7}V  of  the  upstream  value  to 
match  up  with  the  value  deduced  from  the  flow  measurements  1  axial  chord  downstream  of  the  cascade. 

The  cascade  was  tested  over  a  range  of  back  pressures,  producing  conditions  which  varied  between 
slight  spilling  of  flow  from  one  passage  to  the  next  and  completely  choked  with  a  shock  wave  well  back  in 
the  blade  passage.  Predictions  were  done  for  the  design  value  of  inlet  Mach  number  at  three  levels  of 
back  pressure  within  this  range,  and  the  predicted  surface  pressure  distributions  are  compared  with  the 
test  data  in  Figure  6.  At  the  highest  back  pressure  (2.06),  the  shook  wave  is  situated  at  inlet  to  the 
blade  passage,  as  can  be  seen  from  the  predicted  Mach  maber  contours  in  Figure  7:  its  interaction  with 
the  suction  surface  boundary  layer  causes  immediate  separation,  and  the  boundary  layer  displacement  thick¬ 
ness  increases  by  12  times  across  the  interaction.  The  boundary  layer  reattaches  between  70  and  90S! 
chord,  but  it  separates  again  at  the  trailing  edge  and  reaches  a  value  of  displacement  thickness  of  6%  of 
blade  chord  (1296  of  the  blade  pitch  and  33  times  the  pre-shock  value).  In  view  of  these  large  viscous 
effects,  the  agreement  between  the  measured  and  predicted  surface  pressure  distributions  (Figure  6m)  is 
very  encouraging.  The  general  form  of  the  distributions  and  in  particular  the  high  loading  near  the 
trailing  edge  is  well  modelled.  Part  of  the  difference  in  pressure  levels  on  the  pressure  surface  and  the 
rear  of  the  suction  surface  is  probably  because  the  calculation  tnderestimatas  the  drop  in  free  stream 


total  pressure  by  4*  of  total  pressure  -  the  Measured  values  are  in  fact  greater  than  would  be  expected 
due  to  a  normal  shock  wave  at  the  peak  predicted  Mach  nuabers.  The  predicted  profile  loss  is  in  better 
agreesent  with  that  deduced  froa  the  test  data.  The  aean  exit  flaw  angle  is  also  well  predicted  (see 
Table  II). 

As  the  back  pressure  is  reduced,  the  shock  aovea  downstreaa  into  the  passage  and  the  two  regions  of 
separated  flow  on  the  suction  surface  aerge  together.  The  predicted  surface  pressure  distributions  are  in 
good  agreeaent  with  the  test  data  (Figure  6b) ,  despite  the  fact  that  the  suction  surface  flow  is  now 
coapletely  supersonic.  The  calculation  correctly  predicts  that  the  loss  in  free  streaa  total  pressure  is 
reduced,  but  it  is  still  optiaistic  by  about  2*.  This  reduction  in  shock  loss  is  in  line  with  the  effect 
noted  in  deference  1  whereby  a  strong  shock/boundary  layer  interaction  reduces  the  sine  of  the  shock  loss, 
but  at  the  expense  of  increased  profile  losses.  In  this  case  the  suction  surface  boundary  layer  displace¬ 
ment  thickness  is  predicted  to  reach  8$  of  chord  £15%  of  blade  pitch)  at  the  blade  trailing  edge. 

The  same  trends  continue  with  further  reductions  in  back  pressure  (Figure  6c)  -  the  shock  aovea 
rearwards  and  the  interaction  with  the  suction  surface  boundary  layer  becoaes  even  stronger.  The  inter¬ 
action  between  the  passage  shock  and  the  pressure  surface  boundary  layer  is  also  beccoing  stronger  and  the 
pressure  surface  boundary  layer  now  produces  18*  of  the  predicted  profile  loss,  compared  with  IS*  at  the 
highest  back  pressure.  It  is  interesting  that  although  the  total  predicted  losses  arc  roughly  the  sane 
for  all  three  levels  of  back  pressure,  the  profile  loss  coefficient  has  increased  froa  0.056  at  the 
highest  back  pressure,  to  0.098  at  this  condition. 

4.4  DFVLH  SKG  2.7  supercritical  cascade7,9 

Turning  now  to  cascades  with  subsonic  inlet  flow,  DFVUt  SKG  2.7  is  a  supercritical  cascade  with  a 
pitch/chord  ratio  of  0.821.  It  was  designed  to  reaove  36.7°  of  swirl  froa  a  flow  with  an  inlet  Mach 
number  of  0.80.  Other  data  are  given  in  Table  I.  The  cascade  was  tested  at  DFVUt  over  a  range  of  inlet 
Mach  numbers,  inlet  flow  angles  and  stream  tube  contractions.  The  tests  indicated  that  the  cascade 
worked  efficiently  at  the  design  inlet  flow  angle  for  Mach  numbers  up  to  about  0.77,  but  that  the  losses 
increased  rapidly  if  the  Mach  number  was  increased  further.  Since  scan  of  the  measured  stream  tube 
contraction  was  thought  to  occur  upstream  of  the  blades,  it  was  considered  that  the  design  target  of  inlet 
Mach  number  had  been  achieved. 

For  the  predictions,  it  was  assumed  that  the  streaa  tube  thickness  varied  linearly  between  a  point 
0.2  axial  chords  upstream  of  the  cascade  to  a  point  0.2  axial  chords  downstreaa.  Solutions  were  then 
produced  at  the  design  inlet  flow  angle  for  a  number  of  values  of  Mach  number.  The  solutions  indicated 
that  the  cascade  would  operate  efficiently  without  significant  shock  waves  or  boundary  layer  separation  up 
to  and  including  an  inlet  Mach  number  of  0.76,  but  that  at  higher  values  a  shock  formed  on  the  suction 
surface  and  produced  a  large  boundary  layer  separation.  The  invi acid-viscous  method  thus  estimated  the 
maximum  useful  operating  Mach  number  to  within  about  0.01.  The  predicted  blade  surface  Mach  nuabers  at  an 
inlet  Mach  number  of  0.76  are  compared  with  the  measured  values  at  an  inlet  Mach  number  of  0.77  in 
Figure  8.  There  is  generally  good  agreement  except  that  the  predicted  values  on  the  first  25*  of  the 
suction  surface  are  rather  low.  The  overall  performance  of  the  cascade  is  also  well  predicted  (Table  II), 
the  overestimation  of  loss  coefficient  being  due  to  total  pressure  errors  in  the  time  marching  solution  at 
the  blade  leading  edge.  At  this  condition  the  blade  surface  boundary  layers  are  estimated  to  remain 
attached  throughout,  although  the  suction  surface  layer  comes  very  close  to  separation  between  45  and  80# 
chord.  However,  if  the  inlet  Mach  number  is  increased,  the  region  of  high  diffusion  starting  at  about  40* 
chord  on  the  suction  surface  (Figure  9)  steepens  up  into  a  shock  wave  which  then  causes  complete  separa¬ 
tion  of  the  boundary  layer  and  hence  high  losses  and  reduced  pressure  recovery. 

4.5  ONEBA  115  stator  cascade10'11 

The  final  test  case  is  tbs  OH  ERA  115  stator  cascade.  As  for  the  previous  example,  it  has  a  sub¬ 
sonic  inlet  Mach  number,  but  the  pitch/chord  ratio  is  much  lower  (0.29)  since  the  cascade  is  required  to 
reaove  over  50°  of  flow  swirl.  Other  geometric  and  aerodynamic  data  are  given  in  Table  I.  The  cascade 
was  tested  over  a  range  of  inlet  Mach  numbers  and  flow  angles,  but  thankfully  the  flow  was  two-dimensional 
overall  and  so  it  was  obvious  what  assumption  should  be  aade  about  streaa  tube  thickness  variation. 
Boundary  layer  traverses  were  taken  on  the  blade  suction  surface  at  inlet  Mach  numbers  of  0.70  and  0.85 
and  at  a  range  of  inlet  flow  angles. 

Far  an  inlet  flow  angle  of  51°  there  is  excellent  agreeaent  between  the  measured  and  predicted 
suction  surface  botaulary  layer  development  at  both  levels  of  inlet  Mach  number  (Figures  10s  and  b).  la 
both  cases  the  boundary  layer  remains  attached  along  the  whole  surface,  but  with  such  closely  spaced 
blades  it  still  produces  a  blockage  of  5  to  7%  in  the  trailing  edge  region.  When  the  inlet  flew  angle  is 
increased  to  53°  the  agreement  between  Measurement  and  prediction  becomes  significantly  worse  (Figures  10c 
and  d)  -  the  Measurements  indicate  that  the  boundary  layer  actually  separates  over  the  rear  part  of  the 
surface,  while  the  standard  predictions  show  little  change  froa  those  at  the  lower  inlet  flow  angle.  This 
result  is  consistent  with  the  predictions  at  higher  than  optimum  incidence  for  the  L030-4  cascade  (above) 
and  for  the  V2  cascade  (Reference  3).  The  current  in viscid- viscous  method  is  unable  to  predict  the  lead¬ 
ing  edge  f) jw  in  sufficient  detail  to  set  up  the  correct  starting  conditions  for  the  turbulent  boundary 
layer,  and  hence  it  underestimates  the  suction  surface  boundary  layer  growth.  For  the  case  at  an  inlet 
Mach  number  of  0.7,  an  improved  prediction  is  possible,  as  noted  in  Reference  3,  if  the  suction  surface 
boundary  layer  calculation  is  assumed  to  start  as  a  turbulent  layer  with  a  momentum  thickness  Reynolds 
number  of  300.  The  modified  predictions  of  both  boundary  layer  growth  and  blade  surface  pressure 
distribution  era  then  in  good  agreement  with  the  test  data  (Figures  10c  and  11).  At  an  inlet  Mach  number 
of  0.85  the  above  modification  produces  a  prediction  which  overestimates  the  actual  boundary  layer  growth 
(Figure  10d)|  it  would  thus  appear  that  this  say  be  a  borderline  oase. 

5.  CCMCLODIHB  RBM3KS 

The  inviscld-viscoos  blade- to. blade  method  described  in  Reference  1  has  bees  applied  to  seven 
transonic  compressor  cascades  snd  the  predictions  compared  with  test  data.  Results  for  five  of  the 


% 


cascades  are  discussed  in  this  Paper  -  the  results  for  the  other  two  (VI  and  V2  cascades)  are  siailar  to 
those  produced  by  an  earlier  inviscid-viscous  method  (see  Reference  3)  and  so  only  the  comparison  of 
overall  parameters  is  included  here  (see  Tables  I  and  II).  The  cascades  cover  a  wide  range  of  geometries 
and  design  flow  conditions,  as  can  be  seen  from  Table  I.  Pitch/chord  ratio  varies  from  0.29  to  0.82  and 
stagger  angle  from  14°  to  56°,  while  the  design  values  of  inlet  Mach  number  vary  from  0.80  to  1.46  with 
flow  deflections  from  7°  to  over  50°.  The  test  points  considered  correspond  to  a  wide  range  of  conditions 
for  both  the  inviscid  and  viscous  parts  of  the  flow.  Both  shock-free  flows  and  flows  with  shock  waves  are 
encountered,  the  shock  positions  ranging  from  highly  detached  to  well  swallowed,  while  the  predictions  of 
blade  surface  boundary  layers  vary  from  completely  attached  to  highly  separated.  It  is  encouraging  that 
the  same  inviscid-viscous  matching  procedure  can  produce  converged  solutions  for  all  the  cases. 

In  most  cases  the  solutions  are  in  good  agreement  with  the  test  data,  in  terms  of  both  internal 
flow  details  such  as  blade  surface  pressure  distributions  (see  figures),  and  overall  performance  para¬ 
meters  such  as  static  pressure  ratio  and  exit  flow  angle  (see  Table  II).  Predicted  overall  loss  levels 
are  less  satisfactory,  but  they  might  be  improved  by  using  finer  calculating  grids  to  improve  the  estima¬ 
tion  of  shock  loss  by  the  inviscid  part  of  the  calculation.  It  is  therefore  considered  that  an  inviscid- 
viscous  method  is  capable  of  modelling  the  main  features  of  the  flows  in  transonic  compressor  cascades  and 
thus  should  be  a  useful  tool  for  the  designer  of  compressor  blades. 

The  major  area  where  the  present  method  requires  improvement  is  in  treating  blades  operating  at 
high  incidence.  It  appears  that  it  cannot  resolve  the  leading  edge  flow  in  sufficient  detail  to  set  up 
the  correct  starting  conditions  for  the  boundary  layer  calculation,  and  hence  it  fails  to  predict  the 
measured  increases  in  boundary  layer  thickness  and  profile  loss.  To  some  extent  this  situation  can  be 
detected  by  examination  of  the  inviscid  flow,  and  revised  starting  conditions  for  the  surface  boundary 
layer  may  then  be  specified.  This  provides  a  guide  to  the  optimum  incidence  range  of  the  cascade  until  a 
better  model  of  the  leading  edge  flow  can  be  developed. 
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Measured  (Fig  16  of  reference  6) 


Fig  2  LO30-4  cascade  Mach  number 

rig  1  LO30-4  cascade  design  point  contours  at  design  point 
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Fig  6  DOA  cascade  blade  pressure  Fig  7  DDA  cascade  predicted  Mach 
distributions  Mi  =1.46  number  contours  M,  =  1.46,  p~/p.  =  2.0 
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Fig  10  ONERA  115  suction  surface  Fig  11  ONERA  115  M|  =  0.7,  oc\- 53 

boundary  layer  growth  modified  prediction 
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DISCUSSION 


Ph.Ramette,  Fr 

Pour  la  grille  d'aubes  SKG  2.7  du  DFVLR  reprisent^  sur  la  figure  9  avec  un  dcoulement  d’entrie  subsonique, 
pourriez  vous  pidciser  le  maillage  utilise  pour  le  bord  d’attaque  des  aubes? 

Author’s  Reply 

No  special  treatment  was  used  for  the  leading  edge  region  of  the  SKG  2.7  cascade.  In  this  region  the  calculating  grid 
for  the  inviscid  solution  had  calculating  planes  at  intervals  of  1%  axial  chord  in  the  axial  direction  and  there  were  2 1 
points  uniformly  spaced  across  the  blade  pitch. 


H-J.Lichtfuss,  Ge 

The  difference  between  the  viscous  and  inviscid  blade  pressure  distributions,  shown  in  Figure  1 ,  results  in  different 
loading  and  outlet  flow  angle,  as  mentioned.  To  see  the  influence  of  viscous  effects  it  is  necessary  to  compare 
pressure  distributions  with  the  same  loading.  Within  the  inviscid  calculation,  this  means  to  set  a  Kutta-Joukowsky 
condition  which  fulfills  this  constraint.  Maybe  the  discrepancy  comes  from  the  fact  that  all  known  time-marching 
(inviscid)  Euler  calculations  will  give  automatically  the  outlet  flow  angle  without  any  explicit  additional  setting. 

This  phenomenon  is  not  really  understood  in  my  eyes. 

Author’s  Reply 

The  inviscid  solution  shown  in  Figure  1  was  produced  by  assuming  that  the  static  pressures  on  the  blade  suction  and 
pressure  surfaces  were  equal  at  the  trailing  edge.  I  agree  that  closer  agreement  with  the  inviscid-viscous  blade 
pressure  distribution  would  be  achieved  by  an  inviscid  solution  with  the  outlet  flow  angle  set  equal  to  the  inviscid- 
viscous  value:  However,  this  inviscid  solution  would  not  satisfy  the  requirement  for  zero  loading  (equal  static 
pressure)  at  the  blade  trailing  edge.  Also,  such  a  calculation  is  only  possible  if  the  outlet  flow  angle  is  known,  either 
from  test  data  or  from  a  calculation  which  includes  viscous  effects. 


MJ.Werle,  US 

What  transition  criterion  is  used  in  the  calculations? 

Author’s  Reply 

The  transition  treatment  is  based  on  that  suggested  by  Dunham*.  Bubble  transition  occurs  if  the  pressure  gradient 
parameter  falls  below  —0.09  and  in  that  case  the  bubble  length  and  the  conditions  at  reattachment  are  determined 
by  empirical  correlations.  Otherwise,  transition  is  deemed  to  take  place  instantaneously  (i.e.  neglecting  considera¬ 
tions  of  intermittency)  when  the  momentum  thickness  Reynolds  number  reaches  a  critical  value  dependent  on 
pressure  gradient  parameter  and  turbulence  level. 


K.Papailiou,  Gr 

Concerning  Figure  10,  conditions  M,  =  0.85  and  or  =  53°,  I  think  that  the  reasons  you  evoke  concerning  the 
discrepancy  may  not  be  true.  We  know  that  boundary  layer  behaviour  is  cumulative  and  we  may  observe  that,  in 
this  case,  it  is  calculated  correctly  up  to  50%  of  the  chord.  It  seems,  then,  that  the  trouble  doesn’t  come  from  the 
leading  edge  region. 

Author’s  Reply 

I  do  not  ageee  that  the  standard  prediction  calculates  boundary  layer  growth  accurately  up  to  50%  chord  for  the 
ONERA  115  cascade  at  <X|  =  53°,  M,  =  0.85 ;  although  the  differences  between  test  and  prediction  are  fairly  small, 
they  may  be  sufficient  to  account  for  the  error  at  75%  surface  distance  since  (as  you  say)  the  effects  are  cumulative. 
I  consider  that  the  leading  edge  region  is  the  most  likely  cause  of  the  discrepancy  between  prediction  and  test 
because  it  is  the  only  part  where  there  is  a  significant  change  in  the  blade  surface  pressure  distribution. 


J. Moore,  US 

I  would  like  to  ask  about  the  calculations  in  Figure  1  showing  results  for  the  DFVLR  cascade  -  L03Q-4.  The 
calculation  gives  a  higher  Mach  number,  just  upstream  of  the  shock  on  the  suction  surface,  than  the  measurements. 
But,  in  Table  II,  the  calculated  loss  coefficient  for  the  cascade  is  lower  than  the  measured  value.  Can  you  comment 
on  this  apparent  discrepancy? 

Author's  Reply 

I  agree  that  the  over-estimation  of  the  peak  suction  surface  Mach  number  by  the  inviscid-viscous  method  would  be 
expected  to  give  a  predicted  loss  which  is  slightly  too  high.  At  present  I  cannot  explain  why  the  predicted  loss  is 
lower  than  the  measured  value.  It  seems  unlikely  that  the  predicted  shock  loss  (2.6%)  is  too  low  considering  the 
measured  values  of  Mach  number,  and  so  the  difference  is  presumably  due  either  to  errors  in  the  viscous  calculation 
or  in  the  measured  data. 

*  Reference:  Dunhem,  J,  -  “Predictions  of  boundary  layer  transition  on  turbomachinery  blades”.  AGARD-AG-164, 1972. 
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SUMMARY. 

/  (too  s 

>A  viscous  inviscid  interaction  scheme \-htrs-  -been-  developed  4n--ois^i^>to  predict  fluid 
turning  and  loss  coefficients  for  arbitrary  cascade  bladings  of  axial^and  centrifugal 
turbomachines.  The  effects  of  the  blade  surface  boundary  layers,  separation  of  these 
boundary  layers  and  the  wake  downstream  of  the  trailing  edge  are  taken  into  account  by 
the  wake  displacement  body  method.  The  effective  separation  line  between  the  inviscid 
outer  flow,  separated  boundary  layers  and  the  wake  is  iteratively  searched  using  a  free 
streamline  method.  A  Kutta  Joukowsky  condition  at  the  trailing  edge  corrects  the  outlet 
flow  angle  and  ensures  zero  loading  on  the  wake.  The  outer  potential  flow  is  solved  in  a 
finite  element  Galerkin  approximation  and  the  boundary  layer  development  is  predicted 
with  an  Integral  method.  Corrections  based  on  Richardson  numbers  are  included  for 
streamline  curvature  and  Coriolis  effects  on  turbulence. 

NOMENCLATURE . 


B  blockage  factor 

c  blade  chord 

Cq  dissipation  function 

acd  correction  on  CD 

Cp,  Cv  specific  heat  coefficients 

h  enthalpy 

H]2- 61/62  momentum  shape  factor 

H23»  63/62  energy  shape  factor 

I  rothalpy 

1  mixing  length 

m  meridional  coordinate 

n  normal 

p  static  pressure 

r  radius,  gas  constant  (=C  -  Cy) 

R  radius  of  curvature 

R^  local  Richardson  number 

R^  mean  Richardson  number 

s  curvilinear  coordinate 

T  temperature 

u  »  mr  rotational  speed 

v  absolute  velocity  vector 

w  relative  velocity  vector 


8 

Y 
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♦ 

p 
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flow  angle,  Monin  Oboukhov  factor 
/  C„  specific  heat  ratio 
circulation 

boundary  layer  thickness 
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p6  V 


displacement  th. 
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dn 


momentum  th. 
energy  th. 


potential  function 
density 

tangential  angular  coordinate 
rotor  angular  velocity 
effective  angular  velocity 


Subscripts : 

6  without  correction 

1  inlet 

2  outlet 

e  at  boundary  layer  edge 

TE  at  trailing  edge 


I 


1.  INTRODUCTION. 

Loss  and  turning  information  of  the  flow  in  turbomachines  is  largely  based  on 
empirical  data  correlations  from  experimental  research.  The  continuous  trend  to  increase 
the  aerodynamic  loading  of  the  stages  leads  to  designs  where  separated  regions  can  occur. 
Hence  computational  methods  which  are  able  to  accurately  predict  the  boundary  layer 
growth  along  the  section  of  a  blade  and  which  can  treat  flows  with  separated  regions, 
become  more  and  more  Important.  With  such  procedures  more  efficient  optimisations  of  the 
blade  and  higher  machine  performances  can  be  achieved. 

Several  methods  have  been  developed  to  calculate  the  flow  field  around  airfoils  as 
well  as  in  cascades.  To  Introduce  vifcoslty,  a  first  approach  consists  in  solving  the 
full  Navier  Stokes  equations.  An  alternative  approach  is  based  on  a  viscous  Inviscid 
interaction  model,  which  Involves  separate  calculations  of  the  viscous  shear  layers  over 
the  blade  and  in  the  wake  and  of  the  Inviscid  flow,  together  with  a  matching  process  to 
build  up  the  mutual  Interaction  of  these  flows.  This  allows  the  use  of  already  existing 
boundary  layer  and  inviscid  flow  calculation  methods.  Genaral  overviews  of  existing 
viscous  inviscid  procedures  can  be  found  in  Hansen  [1978]  and  In  La  Bailleur  [I960]. 

Downstream  of  the  separation  point  the  classical  boundary  layer  methods  fall  and 
techniques  are  to  be  developed  In  order  to  extend  the  range  of  the  calculated  regions. 
This  can  be  achieved  by  adapting  the  boundary  layer  calculation  itself  as  in  Assassa 
[1976],  Bario  [1978],  Hansen  [1978]  ,[1979]  and  to  continue  in  the  direct  node  of 
calculation,  under  more  or  less  restrictive  assumptions  Imposed  on  the  used  mathematical 
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model.  The  validity  of  these  methods  is  however  mostly  limited  to  small  separations. 
Since  the  singular  behaviour  of  the  boundary  layer  equations  in  two  dimensional 
stationary  flow  is  tied  to  the  direct  mode  of  calculation,  it  has  most  commonly  been 
removed  by  employing  inverse  calculations  as  described  in  Assassa  [1976],  Kwon  and 
Pletcher  [1979].  Over  separated  boundary  layer  regions,  Calvert  and  Herbert  [1980] 
perform  an  inverse  integral  boundary  layer  calculation,  corresponding  to  a  prescribed 
parabolic  displacement  surface.  All  these  methods  work  under  the  assumption  that  the 
boundary  layer  equations  are  still  representative  in  separated  flows  regions.  More 
global  lnviscid  treatments  exist  for  separated  flows.  Applications,  were  some  flow 
boundaries  are  left  free,  are  almost  exclusively  found  in  external  aerodynamics  and  are 
well-adapted  to  singularity  methods,  Jacob  [1969],  Geller  [1972],  and  especially  to  panel 
methods.  Gross  [1978],  Henderson  [1978].  Some  applications  to  general  free  flow  problems 
were  developed  in  finite  element  calculations,  O'Carroll  and  Harrison  [1975],  O'Carroll 
[1978],  Moriee  [1977],  [1979],  Obee  and  De  Witt  [1980].  Up  to  now  free  streamline 
techniques  have  not  been  used  in  finite  element  methods  for  turbomachinery  performance 
predictions . 

In  the  present  paper  a  viscous  inviscid  interaction  procedure  is  described  which 
predicts  the  blade  to  blade  flow  through  axial  and  centrifugal  turbomachines,  for  fixed 
or  rotating  blade  rows.  The  aim  of  the  method  is  to  handle  flow  conditions  where  large 
separated  boundary  layers  occur,  in  order  to  predict  outlet  angles  and  loss  coefficients. 
The  inviscid  flow  is  calculated  by  the  Galerkin  finite  element  method  in  terms  of  a 
potential  function  with  biquadratic  isoparametric  elements.  Streamtube  thickness  varia¬ 
tions  and  radius  variations  are  included.  The  boundary  layer  development  and  the 
separation  points  are  calculated  with  a  compressible  integral  method  with  the  inclusion 
of  Coriolis  and  curvature  effects  on  the  turbulence  through  the  introduction  of 
Richardson  numbers. 

The  influence  of  the  viscous  regions  is  introduced  by  the  wake  displacement  body  method, 
where  the  displacement  thickness  is  added  to  the  blade  surface.  The  effective  flow 
boundaries  for  the  outer  potential  flow  are  treated  as  streamlines.  Therefore  an 
efficient  combination  is  made  of  both  the  surface  transpiration  and  the  solid  displace¬ 
ment  surface  models. 

Separated  boundary  layer  regions  and  the  wake  region  downstream  of  the  trailing  edge  are 
treated  as  an  inviscid  problem  by  introducing  the  free  streamline  concept.  The  flow 
within  the  viscous  regions  is  however  not  calculated. 

The  outlet  flow  angle  is  corrected  by  introducing  a  Kutta  Joukowsky  condition  at  the 
trailing  edge  on  the  calculated  effective  flow  boundaries  of  the  outer  flow.  Zero 
loading  is  ensured  at  the  trailing  edge  and  anywhere  downstream  along  the  wake.  Total 
pressure  loss  coefficients  are  obtained  with  a  mixing  calculation,  assuming  fixed  values 
for  the  shape  factor  to  obtain  the  momentum  thickness  in  the  separated  regions. 

Results  are  presented  and  discussed  for  axial  bladings  and  compared  with  experimental 
data.  Different  pressure  distributions  for  the  blade  separated  regions  are  examined  in 
order  to  calibrate  the  pressure  evolution  to  be  prescribed  over  the  separated  blade 
region.  Wide  ranges  of  incidences  are  considered  and  the  predicted  total  pressure  loss 
coefficients  are  compared  with  experimental  values. 


2.  DESCRIPTION  OF  THE  METHOD. 


2.1  Inviscid  blade  to  blade  flow  equations. 

The  blade  to  blade  flow  in  a  turbomachine  can  be  considered  along  an  axisymmetric 
streamsheet  of  a  given  thickness  B  and  as  irrotatlonal  in  the  absolute  frame  of 
reference.  The  inviscid  blade  to  blade  flow  is  then  governed  by  the  potential  equation, 
written  in  cylindrical  coordinates  (m,e)  ; 


where 
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m  is  the  distance  along  a  streamline  in  the  meridional  plane  (r,z).  The 
blade  to  blade  surface  is  assumed  to  be  the  surface  of  revolution  obtained  by 
rotation  of  this  meridional  streamline 
r(m)  is  the  radius  of  the  blade  to  blade  surface 

B(m]  the  blockage  factor  or  the  streamtube  thickness  as  shown  in  Fig. 2.1. 


A  solution  of  the  meridional  throughflow,  Hlrsch  and  Warzee  [1978]  ,  provides  the 
functions  r(m)  and  B(m)  as  well  as  the  boundary  conditions  for  the  blade  to  blade  flow. 


Since  no  entropy  can  be  created  in  an  irrotatlonal  flow,  the  density 
the  isentropic  relation  ,, 
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is  obtained  by 
(2.2) 


where  Ptg  and  Ttg  are  the  relative  stagnation  density  and  temperature.  The  relative 
velocities  wa  and  wfl  are  obtained  from  the  potential  function  : 


.  it 
3a 


i  it 

r  38 


(2.3) 


Since  all  the  streamlines  in  the  flow  passage  originate  in  a  region  of 
the  rothalpy  Is  constant  everywhere  2  2 
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It  is  clear  that  only  three  independent  quantities  can  be  specified  for  both  upstream 
(A-Al)  and  downstream  (F-Fl)  boundaries  including  periodicity,  see  Fig.  2.1.  Hence 
inlet  Mach  number  and  inlet  angle  together  with  the  outlet  Mach  number  or  alternately  the 
outlet  angle,  completely  determine  the  flow  for  a  given  geometrical  configuration  and 
blockage.  Applying  in  addition  a  Kutta  Joukowsky  condition.  Which  determines  the 
circulation , 

r  -  s2  V  -  S1  vsl  (2.5) 
by  estimating  the  outlet  angle,  only  two  independent  quantities  are  left. 


2.2  Boundary  layer  calculation  with  corrections  for 
streamline  curvature  and  Coriolis  force. 


As  we  are  mainly  interested  in  the  displacement  thickness  and  other  overall  boundary 
layer  parameters  a  compressible  integral  method  was  selected  to  predict  the  development 
of  attached  boundary  layers.  The  Walz  (1969]  procedure  is  used,  which  is  based  upon  the 
integral  boundary  layer  equations  of  momentum  and  energy.  Separation  is  detected  when 
the  energy  shape  factor  falls  below  a  given  value. 

Within  this  integral  method,  corrections  for  streamline  curvature  and  Coriolis  force 
were  introduced  following  the  procedure  of  Van  Den  Braembussche  and  Zunino  (1979]  , 
(1981],  by  adding  a  correction  term  to  the  dissipation  factor  in  the  energy  integral 
equation . 

Observations  on  boundary  layers  over  curved  surfaces  and  in  rotating  systems  strongly 
confirm  the  sensitivity  of  turbulent  boundary  layers  to  normal  pressure  gradients. 
Bradshaw  [1973]  mentioned  the  "surprisingly”  large  influences  and  observed  that  the 
effects  of  curvature  start  to  be  appreciable,  for  ratios  of  boundary  layer  thickness  to 
surface  curvature  ( 6/R)  larger  than  1/300.  Some  important  experiments  investigated  the 
stabilizing  and  destabilizing  effects  on  the  turbulent  properties,  either  for  streamline 
curvature,  Schubauer  and  Klebanoff  [1951],  Patel  [1968],  So  and  Mellor  [1972],  .Meroney 
and  Bradshaw  [1975]  or  for  Coriolis  force  effects,  Johnston  [1971],  Johnston  et  al . 
[1972],  Moore  [1973],  Watanabe  et  al.  [1979].  Stabilisation,  occuring  on  the  convex 
curved  side  and  on  the  suction  side  of  rotating  blades,  reduces  the  mixing  between  the 
fluid  layers  and  the  entrainment  and  thus  leads  to  reduced  Reynolds  stress,  wall  shear 
stress,  eddy  viscosity  and  mixing  length.  On  concave  walls  and  pressure  sides, 
destabilisation  has  precisely  the  opposite  effects.  The  observed  trend  is  that 
essentially  the  momentum  shape  factor  and  the  skin  friction  coefficient  are  modified, 
while  the  momentum  thickness  is  altered  very  little. 

These  stabilizing  and  destabilizing  effects  play  an  important  role  in  turbomachinery 
flows,  particularly  on  the  boundary  layer  development  as  well  as  on  the  whole  flow 
passage.  The  separation  on  the  suction  side  and  the  formation  of  the  jet-wake  structure 
within  centrifugal  impellers  is  entirely  due  to  wall  curvature  and  Coriolis  force  fields. 
Dean  [1971],  Eckhardt  [1976],  Johnston  and  Side  [1976],  Balje  [1977].  High  stabilisation 
may  even  suppress  turbulence  totally  and  the  transition  from  laminar  to  turbulent  flow, 
Johnston  [1971],  Johnston  et  al.  [1972].  Strong  stabilisation  may  lead  to  the  formation 
of  large  scale  streamwise  vortices  of  the  Taylor  GSrtler  type,  as  investigated  in  the 
concave  wall  measurements  of  So  and  Mellor  [1972]  and  Meroney  and  Bradshaw  [1975]  and  the 
pressure  side  measurements  of  Johnston  et  al.  [1972]  . 

The  presence  of  Coriolis  force  and  streamline  curvature  does  not  generally  require  a 
drastic  change  of  the  boundary  layer  calculation  method  itself.  One  normally  accounts 
for  them  by  modifying  some  parameter,  as  Head's  entrainment  function  or  eddy  viscosity. 
Most  common  used  is  the  well-known  Monin  Oboukhov  relation,  resulting  from  Bradshaw’s 
analysis  [1967],  [1973],  which  gives  the  modified  mixing  length  1  in  terms  of  the  mixing 
length  1  ,  calculated  in  the  abscence  of  a  normal  pressure  gradient 

1  •  I  (I  -  2  (  I.)  (2.6) 
o  1 

The  magnitude  of  the  correction  is  defined  by  B  which  is  an  experimental  constant  for 
which  Bradshaw  proposed  values  of  7  for  stabilisation  and  4  for  destabilisation.  The 
local  Influence  of  centrifc  ’  and  Coriolis  forces  is  most  commonly  expressed  in  terms  of 
non-dimensional  Richardson  n.maers,  Rj.  : 
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The  radius  of  curvature  is  denoted  by  R  while  a  stands  for  the  effective  velocity  of 
rotation,  i.e.  that  part  of  the  angular  velocity  u>  ,  which  corresponds  to  the  Coriolis 
acceleration  component  normal  to  the  considered  streamline,  see  also  Johnston  and  Elde 
[1976].  The  signs  of  R  and  f!  are  defined  so  that  positive  Richardson  numbers  correspond 
to  stabilisation,  while  destabilisation  gives  negative  values.  These  Richardson  numbers 
are  a  measure  of  the  relative  importance  of  the  local  centrifugal  and  Coriolis  forces,  to 
the  inertia  forces.  In  finite  difference  methods  which  use  the  mixing  length  model  for 
turbulence  closure,  the  correction  (2.6)  can  directly  be  Introduced  and  many  applications 
can  be  mentioned  in  the  literature,  Bradshaw  [1967],  [1973],  Johnston  (1971),  So  and 
Mellor  [1972],  Parsons  and  Hill  [1973],  Johnston  and  Side  [1976],  Watanabe  et  al. 
[1979],  Cebeci  et  al.  [1979]. 
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Since  the  correction  (2.6)  is  a  function  of  the  distance  to  the  wall,  this  fact  seems 
to  limit  its  application  to  differential  methods  only.  Based  on  the  same  theoretical 
considerations,  a  correction  was  derived  at  VKI  which  is  applicable  to  integral  methods 
using  the  energy  equation.  First  a  curvature  correction  was  derived  by  Papallliou  et  al. 
[1970],  [1972],  [1973],  afterwards  Van  Den  Braembussche  and  Zunino  [1979],  [1981]  derived 
a  similar  correction  for  Coriolis  force  and  combined  the  two.  Good  agreement  is  obtained 
with  experimental  results,  for  a  wide  range  of  curvature  and  rotation  numbers  as 
encountered  in  turbomachinery  applications. 


The  method  is  based  on  the  idea  that,  even  though  detailed  information  of  the  Reynolds 
stress  distribution  perpendicular  to  the  wall  is  lost  by  integration  of  the  momentum 
equation,  a  different  Reynolds  stress  distribution  still  results  in  a  different 
dissipation  factor  in  the  energy  equation.  Introducing  relation  (2.6)  and  the  definition 
for  the  Richardson  number,  relation  (2.7)  or  (2.8),  into  the  dissipation  function 
definition,  leads  to  corrections  of  the  following  form  . 
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so  that  the  corrected  dissipation  function  CQ  becomes: 

cd  -  CDo  +  <  +  AC* 


(2.11) 


The  functions  A,B,A'and  B*  are,  within  a  neglected  dependence  on  62  of  1%,  functions  of 
H  j  2  only.  The  mean  Richardson  numbers  appearing  from  this  procedure  are  obtained  by 
integration  over  the  boundary  layer  thickness: 
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To  be  able  to  treat  flows  where  high  R^  values  occur,  up  to  .25, 
and  Zunino  left  the  concept  of  constant  6  values.  They  demonstrated 
with  increasing  numbers  and  calibrated  then  8(5,  )  curves,  one 
Rj_  <0  values,  however  with  the  use  of  a  global  mean  Richardson  number 
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(2.12),  (2.13) 

van  Den  Braembussche 
why  8  must  decrease 
for  R.  >0  and  one  for 
in  relation  (2.9)  : 

(2.14) 


since  A'  =  1.4A  and  B'  *  1.9B  for  a  wide  range  of  H12. 


The  corrections  on  the  dissipation  function  are  calculated  here  separately  for 
curvature  and  Coriolis  effects  and  are  then  added.  Based  on  a  relevant  number  of 
experimental  comparisons,  the  two  8  (Rj )  functions  were  therefore  calibrated  again  as 
shown  in  Fig.  2.2. 


To  Illustrate  the  performance  of  the  present  method,  the  predictions  for  the  convex 
side  of  the  curved  channel  flows  of  So  and  Mellor  [1972]  are  compared  with  the 
experimental  data,  followed  by  the  suction  and  pressure  side  boundary  layer  developments 
on  Moore's  rotating  diffusor  [1973].  Results  obtained  with  previously  developed 
procedures  for  turbulence  correction,  indicate  that  the  most  difficult  flow  cases  to 
treat  are  those  associated  with  destabilisation  and  with  strong  Richardson  numbers  in 
general . 

To  investigate  a  turbulent  flow  only  affected  by  curvature  ,  So  and  Mellor  arranged  the 
cross  section  and  radius  of  curvature  in  a  first,  high  aspect  ratio  geometry,  to  result 
in  a  zero  convex  side  longitudinal  pressure  gradient.  In  the  corresponding  velocity 
distribution  of  Fig.  2.3a  the  only  apparent  pressure  drop  at  x»48"  is  due  to  the  rapid 
change  in  curvature  at  the  entrance  from  the  straight  channel  to  the  curved  test  section. 
As  can  be  seen  in  Fig.  2.3b  the  curvature  Richardson  number,  eq.  (2.12),  is  rather  high 
from  there,  with  values  of  .075  at  the  entrance  of  the  bend.  Figs.  2.3c-2.3g  show  the 
most  important  boundary  layer  parameters  obtained  with  Ri  number  correction  (continuous 
lines)  and  without  correction  (dotted  lines).  Stabilisation  causes  the  boundary  layer 
thickness  to  decrease.  Fig.  2.3g,  while  the  displacement  thickness  is  increased.  Fig. 
2.3e  and  the  momentum  thickness  is  slightly  decreased,  Fig.  2.3f.  This  relaminarisation 
of  the  turbulent  boundary  layer  increases  the  momentum  shape  factor.  Fig.  2.3c  and 
decreases  the  skin  friction  coefficient.  Fig.  2.3d.  As  already  mentioned,  H  ,  Cf  and 
also  4 1  and  6  are  the  most  sensitive'  parameters,  while  62  Is  changed  only  slightly.  The 
corresponding  8  values  can  be  derived  in  Fig.  2.2  from  the  mean  Ri  numbers  of  Fig. 
2.3b  and  vary  around  1.  Boundary  layer  separation  is  no t  reached  at  the  end  of  this  test 
section.  For  the  separating  test,  Fig.  2.4a,  the  results  are  analogous,  besides  the 
fact  that  the  mean  Ri  number  now  does  not  decrease  as  much  after  the  bend  entrance  as  in 
the  constant  pressure  case,  see  Fig  2.4b.  This  enhances  the  corrections  and  causes  the 
boundary  layer  to  separate.  From  Fig.  2.4d  it  is  obvious  that  no  evidence  is  found  for 
this  separation  without  correction,  while  the  shape  factor  does  not  increase  enough,  Fig 
2.4  c.  With  the  corrections  introduced,  the  reduction  in  mixing  is  well  predicted  as  6 
decreases.  Fig  2.4g,  whl le  Ht 2  increases  strongly.  Fig.  2.4c.  Again  S2  varies  only 
slightly.  Fig.  2.4f. 

Moore's  rotating  diffusor  tests  [1973]  clearly  show  how  Coriolis  forces  may  bring  a 
boundary  layer  to  separation  as  shown  in  Fig.  2.5,  while  they  might  prevent  eeparetlon 
altogether  as  shown  in  Fig.  2.6.  The  experimental  date  for  the  suction  side  at  large 
mass  flow  do  not  agree  very  well,  Flga.  2.5c-f.  The  same  discrepancy  was  also  found  by 
Johnston  and  Eide  [1976]  and  Balje  [1977]  with  differential  methods  and  by  Papallliou 
[1979]  and  Van  Den  Braembussche  and  Zunino  [1981]  with  Integral  calculations,  and  is 
probably  due  to  secondary  flows  from  the  end  walls  which  causa  the  flow  to  be  three 
dimensional  in  the  diffusor.  Nevertheless,  separation  is  predicted  at  approximately  the 
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correct  position.  Fig.  2.5d.  The  stabilizing  effects  of  The  Coriolis  forces  are  very 
strong,  although  the  mean  Richardson  number,  eq.  (2.13),  is  below  1%,  see  Fig.  2.5b. 
Without  corrections  the  boundary  layer  calculation  proceeds  to  the  end  of  the  diffusor 
without  separation.  Figs.  2.5c-f.  The  rapid  growth  of  the  momentum  shape  factor  in  the 
vicinity  of  the  separation,  Fig.  2.5c,  was  not  predicted  by  Johnston  and  Elde  who  used  a 
constant  value  of  6  for  8  . 

Along  the  pressure  side  the  agreement  is  much  better.  Figs.  2.6c-e.  The  qualitative 
behavior  of  the  skin  friction  coefficient  which  first  decreases  and  then  increases,  is 
well  predicted  in  Fig.  2.6d.  Johnston  and  Elde  used  a  constant  b  factor  of  6  and  were 
not  able  to  predict  this  increase.  As  shows  Fig.  2.6b  the  mean  Richardson  number  varies 
strongly.  A  non  corrected  boundary  layer  calculation  predicts  almost  immediately 
separation.  Figs.  2.6d,e.,  which  emphasises  once  more  how  Important  normal  pressure 
gradients  are  for  the  location  and  the  occurence  of  flow  separation. 


2.3.  The  viscous  inviscid  interaction. 


The  interaction  is  modelled  by  the  wake  displacement  body  method,  whereby  the 
displacement  thickness  of  the  viscous  regions  is  added  to  the  blade  surface,  so  that  the 
new  ‘effective*  wall  shape  induces  streamline  deflections  in  the  inviscid  solution, 
compatible  with  the  boundary  layer  thickness  variation.  This  effective  boundary  concept 
is  identical  for  the  viscous  flow  regions  over  the  blade  contour  and  in  the  downstream 
wake.  Separated  flow  regions  and  the  decaying  wakes  call  for  additional  iterations  in 
the  viscous  inviscid  scheme.  Fig.  2.7  shows  the  resulting  effective  blade  to  blade 
calculation  domain. 

Within  the  wake  displacement  body  method,  basically  two  different  techniques  can  be 
applied  to  express  the  boundary  conditions  on  the  equivalent  inviscid  flow.  In  the 
‘solid  displacement  surface*  method  one  calculates  the  inviscid  flow  around  the  thickened 
blade  BC'E-BICl 'El.  The  ‘surface  transpiration*  model  Injects  along  the  blade  walls 
BC-B1C1,  a  fictitious  mass  flow,  which  is  a  function  of  the  evolution  of  the  displacement 
thickness.  Downstream  of  the  trailing  edge,  the  injected  mass  has  to  be  removed  along 
sink  lines  CE-C1E1,  with  an  arbitrary  distribution.  As  long  as  the  boundary  layers 
remain  relatively  thin,  either  of  these  matching  models  is  an  equally  valid  representa¬ 
tion  of  the  displacement  effect  of  the  viscous  layers. 

One  of  the  advantages  of  the  finite  element  method  is  that  mixed  type  boundary  conditions 
can  be  easily  and  axactly  Introduced  along  curved  boundaries  without  losing  accuracy. 
Fictitious  mass  injection  would  thus  be  the  most  appropriate  way  to  simulate  the  wall 
boundary  condition  in  this  viscous  inviscid  interaction  scheme,  because  the  finite 
element  mesh  could  be  kept  unchanged,  Deconlnck  and  Hirsch  [1979].  This  method  is 
however  only  valid  for  small  displacements  of  the  effective  flow  boundaries  of  the  outer 
potential  flow.  Mesh  redefinitions  are  thus  necessarily  introduced  in  the  overall 
iterations,  since  the  present  method  is  intended  to  treat  flows  where  large  separations 
occur.  But  to  avoid  relative  time-expensive  finite  element  mesh  redefinitions,  when 
small  geometry  changes  have  to  be  Introduced,  fictitious  mass  injection  is  also  used  and 
coupled  with  the  mesh  redefinitions.  A  choice  is  made  during  the  iterations,  either  to 
displace  the  whole  mesh  to  fit  the  effective  flow  boundaries,  or  to  Introduce  a 
fictitious  mass  flow  distribution.  In  the  latter  case,  mass  injection  is  performed  along 
the  mesh  boundaries,  which  are  not  necessarily  the  blade  walls  BCD-B1C1D1,  but  the  lines 
BC ' D' -B1C1 'Dl '  of  the  most  recent  mesh.  Another  particularity  in  the  present  approach  is 
that  mass  injection  is  performed  up  to  downstream  of  the  trailing  edge  (to  points  D'  and 
Dl'  in  Fig.  2.7),  over  the  largest  part  of  the  wake  region.  For  the  modelling  of  the 
wake  body  C'D'E.Cl 'Dl 'El,  (1)  the  effective  flow  boundaries  C'D'  and  Cl'Dl'  are 
calculated  with  the  free  streamline  method  and  (ii)  the  lines  D'E  and  Dl'El  are 
determined  by  the  used  suction  law. 

The  modelling  problem  of  separated  flows  and  wakes  consits  in  finding  the  effective 
limiting  streamline  of  the  viscous  region.  Therefore  a  free  streamline  method  has  been 
developed,  where  the  viscous  flow  within  these  regions  is  however  not  calculated.  In 
order  to  find  the  unknown  position  of  this  line,  the  two  following  conditions  are 
imposed  : 


a.  The  separation  line  is  a  streamline.  This  condition  is  fulfilled  in  the 
inviscid  flow  calculation. 

b.  The  static  pressure  distribution  is  specified  : 

P<»)  -  P®(»)  (2.15) 

In  an  iterative  search  for  the  correct  free  streamline  position,  the  pressure  condition 
is  satisfied  by  gradually  changing  the  position  of  the  mesh  points  on  this  line.  The 
displacement  thickness  is  corrected  as  a  function  of  the  local  difference  between  the 
value  of  the  computed  pressure  p,  obtained  from  the  inviscid  flow  solution,  and  the 
specified  pressure  p8 .  Generally  a  constant  pressure  is  imposed  over  the  blade  separated 
flow  regions  of  Isolated  airfoils.  Experiments  in  cascade  configurations  however 
Indicate  that  the  static  pressure  over  the  blades  in  separated  boundary  layer  regions  is 
generally  not  constant.  Within  centrifugal  and  radial  turbomachines  the  static  pressure 
evolution  is  moreover  strongly  affected  by  rotation.  In  a  previous  paper,  Janssens  and 
Hirsch  [1962],  only  two  different  pressure  laws  were  investigated,  namely  a  constant 
pressure  level  and  a  distribution  varying  with  the  Inverse  of  the  arc  length  of  the  free 
streamline.  Further  calibrations  against  experiments  were  found  necesssrlly.  The 
following  general  expression  is  therefore  Introduced  for  the  Imposed  pressure  distribu¬ 
tion  over  the  separated  blade  regions,  from  the  separation  point  (S)  to  the  trailing  edge 
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P8(s) 


p2  ♦  (Ps  -  P2)  «  STE*SS  PB 


(2.16) 


The  arc  length  s  of  the  free  streamlines  Is  measured  from  the  leading  edge.  Index  2 
corresponds  to  the  uniform  outlet  station  far  behind  the  cascade,  line  FP1  in  figure  2.7. 
Large  values  of  PB  correspond  to  the  already  mentioned  constant  pressure  level  over  the 
blade  region.  In  the  wake  downstream  of  the  trailing  edge  the  pressure  varies  linearly 
from  its  trailing  edge  value  to  p2. 


A  Kutta  Joukowsky  condition  is  imposed  which  corrects  the  outlet  flow  angle  and 
ensures  zero  load  on  the  wake.  Various  forms  for  the  Kutta  Joukowsky  condition  in 
inviscid  flow  calculations  are  reviewed  by  Scholz  [1977]  and  Hirsch  and  Denton  [1981]. 
Most  usually  the  Wilkinson  [1967]  trailing  edge  condition  is  followed  whereby  equal 
pressures  or  velocities  are  imposed  on  opposite  points  on  the  contour  near  the  trailing 
edge.  Here,  the  trailing  edge  closure  condition  is  expressed  by  the  requirement  of  equal 
velocities  in  the  trailing  edge  plane,  at  the  calculated  effective  flow  boundaries, 
points  C’  and  Cl’  in  Fig.  2.7.  This  is  achieved  iteratively  by  correcting  the  mean 
outlet  tangential  velocity  component.  Associated  with  the  trailing  edge  closure  ,  an 
additional  condition  is  required,  which  ensures  that  no  loading  is  created  over  the  wake. 
This  is  realised  by  imposing  on  the  potential  function  a  constant  value  of  the 
periodicity  constant,  from  the  trailing  edge  on  over  the  whole  downstream  flow  extension. 


2. 4  Numerical  solution. 

The  numerical  procedure  for  the  outer  potential  flow,  based  on  finite  elements,  and 
the  computational  details  are  extensively  described  by  Hirsch  and  Warzee  [1974],  [1976]. 

Within  the  present  method  however  the  finite  element  mesh  can  be  redefined  and  different 
boundary  conditions  are  applied 

If  the  viscous  regions  become  too  important,  the  finite  element  mesh  is  redefined. 
Then  the  usual  wall  boundary  condition  is  imposed 

pw„  -  0  (2.17) 

When  fictitious  mass  is  injected,  the  finite  element  geometry  of  a  previous  iteration  is 
maintained  and  the  wall  displacement  is  replaced  by  a  source-sink  distribution  according 
to  the  expression  s 


pBw  6.)  w  )  (2.18) 

n  ds  *  » 

d  6  ,  me  sh 

1  1  ~  ° 1  is  the  local  displacement  of  the  effective  flow  boundary  to  be 

Introduced  at  the  considered  Iteration  with  respect  to  the  already  displaced  mesh 
distance  6?esh  .  To  preserve  the  mass  flow  of  the  outer  potential  flow  one  has  to  remove 
the  fictitious  injected  mass  flow.  This  is  done  over  a  short  extend  of  the  last  part  of 
the  wake  region  D'E  and  Dl'El  by  a  sink  distribution  with  a  mass  rate  of  : 


where  f(s) 


mf(«)  -  -  p  B  <d  «,)  v# 
is  the  used  suction  law. 


D'  or  DI ' 


f  (») 


(2.19) 


The  details  of  the  interactive  procedure  are  described  in  Janssens  and  Hirsch  [1982] 
and  will  not  be  repeated  here. 

The  loss  coefficients  are  computed  from  a  compressible  mixing  law  based  on  Scholz 
[19-77].  The  continuity  and  momentum  integral  laws  are  expressed  between  the  real  non 
homogenous  viscous  flow  at  the  trailing  edge  plane  and  the  homogenous  flow  far 
downstream,  which  contains  the  losses  due  to  the  boundary  layer  formation  and  separation 
over  the  blade  and  due  to  the  mixing  in  the  wake.  Since  the  real  viscous  flow  pattern  at 
the  trailing  edge  plane  is  not  known,  the  corresponding  integrals  in  the  conservation 
laws  cannot  be  calculated  directly.  This  is  done  through  an  equivalent  discharge  flow, 
which  is  defined  at  the  trailing  edge  plane  and  based  on  the  inviscid  flow  solutions  in 
the  outlet  region  and  on  the  integral  boundary  layer  properties  at  the  trailing  edge 
plane.  The  equivalent  discharge  flow  has  the  same  mass  flow,  mean  outlet  angle  and 
density  as  the  Inviscid  flow  obtained  with  the  viscous  inviscid  Interaction  solution,  but 
the  velocity  is  corrected  for  the  displacement  effect  of  the  viscous  regions  and  its 
energy  loss  is  the  same  as  in  the  real  flow.  The  loss  coefficient  is  then  obtained  as 
the  difference,  referred  to  the  inlet  dynamic  pressure  (for  compressors),  of  the  total 
relative  pressures  of  the  inviscid  flow  and  the  homogenous  discharge  flow  far  downstream 
with  the  same  rothalpy. 


3.  RESULTS. 

Based  on  the  theory  described  in  the  previous  sections,  a  viscous  inviscid  Interaction 
method  was  developed  and  applied  to  a  number  of  cascade  tests.  This  resulted  also  in  a 
numerical  scheme  wherein  the  different  interactions  are  efficiently  balanced.  Based  on 
experimentally  measured  profile  Mach  number  distributions  and  displacement  thicknesses, 
outlet  angles  and  loss  coefficients,  the  calibrations  were  performed  for  the  pressure 
distributions  to  be  Imposed  over  blade  separated  flow  regions. 


T 
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For  the  selection  of  experimental  data  it  is  extremely  important  to  have  accurate 
knowledge  of  the  measuring  details  especially  concerning  inlet  and  outlet  flow  conditions 
and  blockage  factors.  Although  a  considerable  number  of  cascade  tests  are  available  in 
the  literature,  only  few  include  measurements  of  separated  regions. 

A  first  set  of  considered  tests  concerns  a  high  cambered  DCA  blade  experimented  at  the 
VKI ,  Meauze,  Starken  and  Van  Den  Braembussche  [1976].  Blade  Mach  number  distributions, 
outlet  angles  and  loss  coefficients  are  available.  At  ONERA,  Meauze  [1978]a  and  [1978]b, 
experiments  were  investigated  for  highly  separated  cascade  flows.  For  the  first  blade, 
Mach  number  distributions  are  reported,  while  for  the  other  blade,  boundary  layer 
thicknesses  were  measured  for  four  incidences. 


3.1  The  DCA  cascade. 


The  DCA  cascade  has  48  degrees  of  camber  and  the  range  of  inlet  flow  angles  varied 
from  31.9  to  44.5  degrees.  The  inlet  Mach  number  is  .60.  Sidewall  suction  has  been 
necessary  to  preserve  the  two  dimensionality  of  the  flow  especially  for  the  positive 
incidences. 


For  the  same  case  results  were  reported  in  a  previous  paper,  Janssens  and  Hirsch 
[1982],  without  interaction  on  the  separation  point  position  and  without  turbulence 
correction  for  curvature.  No  blockage  was  introduced  (B-l)  for  all  the  Incidences.  Loss 
coefficients  were  estimated  from  the  empirical  relation  from  Liebleln  [1965]  : 


cos  6 
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This  estimation  provides  an  underlimit  of  the  profile  losses.  Over  the  separated  blade 
regions  the  free  streamlines  were  fitted  to  a  constant  pressure  law,  equal  to  the 
pressure  at  separation. 


To  accurately  predict  Mach  number  distributions  the  blockage  factor  is  important. 
Because  the  experimental  values  were  variable  a  linearly  varying  blockage  from  .95  to  .85 
was  taken  corresponding  respectively  to  the  range  of  considered  inlet  angles  from  31.9  to 
48.5  degrees. 


Figure  3.1  shows  the  results  for  one  typical  incidence.  First  the  Mach  number 
evolution  is  drawn  without  viscous  inviscid  interaction,  with  and  without  trailing  edge 
condition.  In  a  next  figure  the  obtained  distribution  agrees  fairly  well  with  the 
experiment  and  it  can  be  clearly  seen  that  a  constant  pressure  level  is  far  from 
realistic  here  over  the  separated  zone. 


During  calibration  of  the  pressure  law  it  was  tried  to  either  satisfy  the  Mach  number 
evolutions  for  each  incidence  and  to  predict  the  measured  outlet  angles  and  loss 
coefficients  for  all  incidences  as  good  as  possible.  A  large  number  of  calculations 
thereby  demonstrated  that  the  optimum  value  of  the  pressure  law  factor,  PB  in  eq. 
(2.16),  changes  with  incidence.  The  tendency  is  that  as  separation  moves  upstream  a 
flatter  pressure  law  is  required.  Based  on  the  read  in  parameter  PB  a  continuously 
decreasing  function  with  the  separation  point  position  was  selected.  So  all  the 
incidences  can  be  treated  and  also  changes  in  the  separation  point  position  during 
convergence  for  each  Individual  incidence.  The  loss  and  turning  evolutions  are  given  in 
figure  3.2.  In  the  low  incidence  range  the  outlet  angles  are  below  the  experimentally 
values.  These  angles  could  be  increased  by  increasing  the  displacement  thickness  at 
trailing  edge  by  choosing  a  more  flatter  pressure  level  in  the  separated  region,  but  this 
unavoidedly  should  result  in  unrealistic  increased  loss  coefficients  and  Mach  dis¬ 
tributions  In  the  vicinity  of  the  trailing  edge.  Therefore  it  was  preferred  to  pay  more 
attention  on  the  loss  coefficients  and  the  Mach  number  distributions.  To  show  the 
Increasing  trend  of  loss  and  turning  in  the  range  of  the  higher  incidences  additional 
cases  were  calculated  up  to  48.5  degrees  of  inlet  angle. 


3.2  ONERA  blades. 


The  first  case  in  this  considered  group  of  tests  is  a  cascade  geometry  with  a  blade 
chord  length  of  123.5  mm  and  a  pitch  of  33.58  mm.  The  Mach  number  distribution  along  the 
blade. walls  is  given  for  an  inlet  Mach  number  of  .847  and  inlet  flow  angle  of  53. 
degrees.  Separation  of  the  suction  side  boundary  layer  is  predicted  by  the  present 
method  at  23%  of  the  chord.  Along  the  other  77%  blade  length  the  separation  line  between 
the  viscous  and  inviscid  regions  was  calculated  with  the  free  streamline  method, 
resulting  in  a  Mach  number  distribution  shown  in  Fig.  3.3.  A  nearly  forizontal  line 
drawn  from  the  Indicated  separation  point  position  to  the  trailing  edge  should  result 
from  a  constant  pressure  law.  This  test  case  is  particularly  suited  to  demonstrate  that 
good  results  can  be  obtained  with  an  exponentially  evoluting  pressure  from  the  separation 
point  to  the  trailing  edge.  Compared  with  the  results  obtained  in  [1982]  with  a  1/s 
pressure  law  the  Mach  number  evolution  is  now  predicted  much  better.  Note  here  that 
separation  is  predicted  5%  of  chord  more  upstream  due  to  the  curvature  effects.  The 
IsoMach  lines  and  the  final  finite  element  mesh  together  with  the  effective  blade  contour 
are  shown  in  Fig.  3.4. 

The  developed  viscous  Inviscid  interaction  procedure  has  also  been  tested  on  the  so 
called  *115*  blade  with  a  chord  length  of  95. mm  and  mounted  in  cascade  with  a  pitch  of 
28. mm.  For  an  inlet  Mach  number  of  .70  four  inlet  angles  are  considered  namely  49.,  51., 
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53.  and  55.  degrees.  The  obtained  displacement  thickness  distributions  along  the  blade 
suction  side  are  compared  with  the  experiments  in  Pig.  3.5.  As  for  the  DCA  cascade 
these  results  were  obtained  with  the  same  value  of  pressure  law  coefficient  for  the  four 
incidences.  Although  the  results  still  differ  considerably  from  the  measured  ones,  the 
displacement  thicknesses  are  much  more  dispersed  than  those  obtained  with  a  1/s  pressure 
law,  see  [1982].  For  the  highest  incidence  the  results  Indicate  clearly  that  in  cascade 
flow  the  presence  of  a  next  blade  avoids  the  highly  separated  boundary  layer  to  grow  as 
much  as  would  be  expected  from  external  flow  experiences.  The  final  mesh,  IsoMach  lines 
and  Mach  number  distributions  are  shown  in  Fig.  3.6  for  the  highest  incidence. 


4.  CONCLUSIONS. 

An  efficient  viscous  inviscid  procedure  has  been  developed  for  blade  to  blade  flows 
taking  into  account  even  large  separated  boundary  layer  regions  however  without  computing 
the  viscous  separated  components.  The  boundary  layer  calculation  is  corrected  for 
Coriolis  and  centrifugal  effects  on  turbulence.  A  coupled  prediction  is  obtained  for  the 
losses  and  outlet  flow  angles.  A  calibration  was  derived  for  the  pressure  distribution 
in  the  separated  regions  resulting  in  satisfactory  comparisons  with  experimental  data. 
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DISCUSSION 


R. I. Lewis,  UK 

Could  1  ask  for  clarification  of  the  free  streamline  model?  For  a  true  free  streamline  the  static  pressure  at  the  edge 
of  the  shear  layer  is  constant  since  velocity  is  zero  in  the  separation  zone.  To  sustain  a  pressure  rise,  as  implied  by 
Equation  2.16  would  thus  require  fluid  motion  in  the  separation  zone.  How  important  do  the  authors  consider  the 
neglect  of  this  recirculating  motion  in  the  present  model?  Perhaps  more  advanced  Navier-Stokes  solutions  could  be 
used  to  check  these  simplifying  assumptions. 


Author’s  Reply 

It  is  customary  to  assume  a  constant  static  pressure  along  a  separation  line  on  isolated  airfoils.  In  cascades,  however, 
the  interaction  between  the  velocity  variation  along  the  free  streamline  and  the  requirements  of  mass  flow  conserva¬ 
tion  through  the  remaining  inviscid  region  allows  for  non-constant  static  pressures  along  that  streamline. 


Actually,  this  assumption  is  also  implied  by  the  “inverse”  methods  for  viscid-inviscid  interactions  whereby  the 
integral  Von  Karman  equation  is  solved  with  vanishing  wall  shear  stress,  solving  for  S2  =  8j(Ue)  through 


d8j 

dUg 


6j 

—  ~  (H  +  2} 


written  for  an  incompressible  flow. 


No  assumptions  are  made  with  regard  to  the  flow  behaviour  in  the  separated  region,  since  this  region  is  excluded 
from  the  calculation  domain.  But,  we  fully  agree  that  full  Navier-Stokes  solutions  would  be  an  important  help  for 
assessing  the  limits  of  validity  of  the  simplified  models  used  in  the  present  work. 


M.J.Werle,  US 

(1)  Is  the  wake  closure  to  zero  thickness  imposed  or  calculated. 

(2)  Are  viscous  mixing  terms  active  in  the  wake  closure  region  of  your  model. 

Author’s  Reply 

The  wake  closure  is  introduced  in  the  computation  as  a  simple  way  of  stimulating  the  mixing  of  the  physical  wakes, 
which  are  not  computed  explicitly. 

This  allows  to  consider  the  flow  quantities  at  the  downstream  end  of  the  computational  domain  as  mixed  out, 
uniform,  quantities  and  recover  the  full  pitch  spacing  at  the  exit  station. 

Since  the  viscous  regions  are  not  computed,  there  is  no  physical  viscous  mechanism  introduced  in  the  wake 
simulation. 


K.Papailiou,  Gr 

(1)  Comment:  The  formulation  that  you  are  using  for  the  calculation  of  the  Coriolis  and  curvature  effects  on 
turbulence  is  the  same  as  the  one  presented  in  References  (1)  and  (2),  appearing  below,  including  the 
dependance  of  (5  on  the  overall  curvature  and  Coriolis  Richardson  numbers. 

It  would  be  interesting,  as  one  of  the  references  appears  already  in  your  reference  list,  to  compare  the  values  of 
functions  A  and  B  that  you  are  using  (Equations  (2.9)  and  (2.10)  of  your  paper)  with  those  appearing  in 
Reference  (2)  below.  It  should  be  noted  also,  that  the  curve  (Ri)  appearing  in  Reference  (2),  covets  a  wider 
range  of  Richardson  numbers,  (covering  the  radial  compressor  applications  also). 

References 

1.  K.D.Papailiou  Viscous  Flows  in  Centrifugal  Compressors.  VKI  Lecture  Series  95  on  Industrial 

Centrifugal  Compressors,  1977. 

2.  K.D.Papailiou  The  Coriolis  Force  Influence,  when  we  Calculate  Turbulent  Boundary  Layers  in 

Centrifugal  Compressors.  Haifa,  Israel,  1979. 

Question:  A  separated  shear  layer  sustains,  usually,  a  very  limited  deceleration.  This  is,  in  fact,  one  of  the  reasons 
for  the  difficulties  encountered  in  calculating  separated  shear  layers  and  for  using  an  interaction  procedure.  In 
Figure  3.1  of  your  paper,  there  appears  an  impressive  deceleration  after  separation.  Have  you  any  experimental 
evidence  that  this  separation  is  there? 

Author's  Reply 

The  boundary  layer  code  used  in  the  interaction  program  is  very  sensitive  to  adverse  pressure  gradients  and  hence  to 
separation  detection.  The  experimental  data  of  Meauze  (1978b)  concerning  the  ONERA”  15”  cascade  confirm,  for 
the  higher  incidences,  the  early  separation  which  is  detected  around  30-40%  chord. 
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Actually,  from  the  point  of  view  of  the  overall  interaction  procedure,  since  the  imposed  pressure  law.  Equation 
(2.16),  assures  a  continuity  of  the  pressure  variation,  the  exact  position  of  the  separation  point  S  is  not  at  all 
critical  and  may  not  correspond  always  with  a  physical  boundary  layer  separation.  In  this  case,  it  is  to  be 
interpreted  as  the  starting  point  of  the  free  streamline  without  implying  necessarily  that  the  physical  separation 
occurs  at  that  point. 
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SUMMARY 


New  blading  concepts  with  respect  to  optimal  profile  shape  take  into  account  the 
close  interdependence  betweenctbe^pressure  distribution  on  profile  suction  and  pressure 
side  and  ^he^boundary-layer  development  (i.e.  4m  losses)  on  these  surfaces.  For  transo- 
i  nic  compressor  bladings  with  minimal  losses  the  shock  and  shock/boundary- layer  interac¬ 

tion  losses  have  to  be  carefully  considered.  For  supersonic  inlet  conditions  these 
losses  have  been  reduced  by  using  wedge-type  profile  shapes  in  the  supersonic  part 
of  the  profile. 4wedge-type)^>On  the  other  handj'tshedif fusion  losses  in  the  subsonic 
region  (rear  part  of  the  blade)  can  be  reduced  by  reducing  subsonic  deflection  of  a 
given  vector  triangle,  resulting  in  a  limited  supersonic  expansion. ^tMCA-typef-r) Thus, 
a  very  careful  optimisation  process  has  to  be  done  for  the  partition  of  supersonic 
and  subsonic  deflection.  4L.-V  «■ 

Detailed  cascade  tests  -have-  been ^carr led  out  for  the  mid  section  of  a  rotor  blade  of 
a  three-stage  transonic  compressor.  Thejuialysis  of  these  tests  and  additional  leaser 
anemometry  measurements  within  the  compressor  showed  good  agreement  between  design 
and  test  and  proved  the  low  loss  design  of  the  special  profile  types. 

LIST  OF  SYMBOLS  INDICES 


B  stream  tube  height 

c  chord  length 

h  local  coordinate  along  blade  height 

La  Laval  Number 

Ma  Mach  Number 

p  static  pressure 

pt  total  pressure 

r  radius 

s  pitch 

Tt  total  temperature 

t  max.  profile  thickness 

w  relative  velocity 

x  local  coordinate  along  chord 

B  flow  angle 

&a  stagger  angle 

6U  camber  angle 

0UU  supersonic  expansion 

i|  local  coordinate  along  pitch 

K  ratio  of  specific  heat 

u>  loss  coefficient 

Q  axial  velocitiy  density  ratio 


1  cascade  inlet 

2  cascade  exit 
comp  compressible 
crit  critical 

inc  incompressible 
'  relativ  to  blade 
a  downstream  of  a  compression 
shock 
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1.  INTRODUCTION 

The  efficiency  of  advanced  turbojet  aero  engines  is  considerably  affected  by  the 
aerodynamic  characteristics  of  the  turbo  components.  Using  the  latest  knowledge  regard¬ 
ing  the  flow  deflection  behaviour  of  the  cascades  and  as  a  result  of  better  understand¬ 
ing  of  the  actual  flow,  the  efficiency  of  these  components  has  been  considerably  in¬ 
creased  in  the  last  years.  Future  development  will  have  the  following  objectives: 

-  high  or  even  higher  efficiency 

large  working  range,  also  taking  into  account  inlet  distortions 

lower  manufacturing  effort  and  cost,  which  means  a  reduction  in  size,  weight,  and 
number  of  blades.  This  requirement  can  only  be  met  by  reducing  the  number  of  stages, 
which  means  increasing  the  aerodynamic  stage  loading. 

At  these  conditions  the  aerodynamic  qualitiy  of  the  blading  is  of  great  importance. 
The  objective  of  the  blading  design  is  to  realize  a  given  design  velocity  triangle 
(result  of  through-flow  calculation)  with  minimal  losses  and  to  have  a  sufficient  work¬ 
ing  range  at  off-design  conditions.  Op  to  now  the  blading  is  designed  with  the  aid 
of  empirical  methods.  Compressor  bladings  are  mainly  designed  using  profile  families 
which  have  been  developed  years  ago.  Cascade  test  results  are  the  basis  for  the  empiri¬ 
cal  design  of  such  cascades,  consisting  of  NACA  65,  NGTE  or  DCA  profile  shapes  (ref. 1/2). 
The  profile  shape  is  strongly  Influenced  by  the  Mach  Number  level.  As  an  example.  Fig.  1 
shows  the  radial  Laval  Number  distribution  for  the  cascades  of  a  3-stage  transonic 
compressor.  The  relativ  Laval  Number  of  the  first  rotor  reaches  La.'  •  1.45  at  the 
tip  and  remains  supersonic  over  a  large  region  of  the  blade  height.  The  inlet  velo¬ 
cities  of  the  following  cascades  decrease  to  lower  Laval  Number  values.  The  stator 
cascades  are  subsonic,  but  the  Laval  Number  sometimes  exceeds  the  critical  value,  thus 
producing  local  supersonic  fields  terminated  by  a  compression  shock.  The  profile  type 
to  be  chosen  for  optimal  flow  deflection  is  directly  dependent  on  the  Laval  Number 
level.  The  areas  of  application  of  some  profile  types  are  also  indicated  in  Fig.  1. 

At  Laval  Numbers  higher  than  La.'  -  1.2  special  profile  types  (transonic  profiles) 
should  be  used  to  reduce  the  shock  losses  at  these  supersonic  inlet  conditions.  Double 
circular  arc  profiles  have  shown  good  results  for  the  Laval  Number  region  between 
La.'  >  0.8  and  1.1.  For  lower  Laval  Number  values  NACA  65  profile  blades  are  widely 
used.  But, as  has  been  already  mentioned,  for  Laval  Numbers  higher  than  the  critical 
value  local  supersonic  fields  with  a  terminating  compression  shock  are  experienced 
with  conventional  blades.  Thus  the  compression  shock  should  be  minimised  and  it  had 
been  verified  that  it  is  possible  to  design  cascades  for  supercritical  inlet  conditions 
without  any  compression  shock  (supercritical  profiles). 

Within  the  last  years  it  has  been  shown  that  the  use  of  new  concepts  for  the  blad¬ 
ings  will  increase  their  flow  deflection  behaviour,  i.e.  efficiency  and  working  range. 
These  methodes  are  of  the  inverse  type,  i.e.  they  calculate  the  profile  shape  for  a 
given  pressure  distribution  on  suction  and  pressure  surface.  Thus,  the  pressure  distri¬ 
bution  as  an  input  for  these  design  methods  has  to  be  optimised  with  respect  to  high 
efficiency  and  sufficient  safe  working  range. 
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2.  PLOW  BEHAVIOUR  OF  TRANSONIC  COMPRESSOR  CASCADES,  SHOCK  CONFIGURATION 


2.1  Flowfield  in  Transonic  Compressor  Cascades 


Before  going  in  more  detail  for  some  of  the  mechanism  associated  with  deceleration 
of  supersonic  flows  in  the  next  two  paragraphs,  a  survey  shall  be  given  on  the  typical 
manifestations  of  cascade  flow  fields  incorporating  more  or  less  extended  supersonic 
areas.  The  presentation  of  different  flow  behaviours  is  best  done  by  illustrating  the 
flow  field  through  its  shock  waves,  the  sonic  line  and  expansion  fans.  This  is  shown 
in  Fig.  2  for  cascades  having  all  types  of  inlet  and  outlet  flow  conditions,  i.e., 

Mach  Number  and  flow  angle.  For  the  aspired  classification  the  most  important  parameter 
will  be  the  axial  component  of  the  in-  and  outlet  flow  Mach  Number.  This  axial  compo¬ 
nent  is  in  either  case  subsonic  for  the  configurations  I  to  VI  and  supersonic  for  the 
configuration  XI,  whereas  for  the  examples  IX  and  X  only  the  inlet  flow  has  an  axial 
supersonic  component  combined  with  an  axial  subsonic  downstream  region.  In  contrast 
to  the  last  mentioned  one  the  flow  configurations  VII  and  VIII  represent  an  axial  sub¬ 
sonic  inlet  but  an  axial  supersonic  outlet. 


Physically  the  axial  component  uniquely  determines  the  number  of  independable  flow 
parameters  of  a  geometrically  given  cascade.  If  we  assume  for  this  consideration  a 
constant  total  temperature  as  well  as  a  constant  total  pressure  the  individual  flow 
conditions  are  only  determined  by  Mach  Number  and  flow  angle.  Now  assuming  an  axial 
supersonic  outlet  flow  means,  that  no  information  from  downstream  can  reach  the  cascade 
so  that  the  cascade  exit  condition  is  totally  fixed  by  the  cascade  itself  and  its 
inlet  flow  conditions.  If  on  the  other  hand  the  axial  inlet  flow  is  supersonic,  there 
exists  no  influence  of  the  cascade  and  of  course  much  less  of  the  exit  into  the  up¬ 
stream  direction.  Due  to  this,  both  upstream  variables  (Ma. ,  B. )  are  for  free  choice 
in  this  case.  Assuming  that  the  axial  component  of  the  inlet  is  subsonic  there  will 
be  only  one  inlet  variable  which  can  be  chosen  independently,  because  the  other  one 
is  then  uniquely  defined  by  the  cascade  itself  (choking  «  cases  II,  III,  V,  VI,  VII 
and  VIII)  or  by  the  setting  of  the  downstream  throttling  device  (case  I  and  IV).  Regard¬ 
ing  the  last  possibilty  where  the  axial  outlet  velocity  is  subsonic  meanB  that  now 
one  of  the  two  outlet  parameters  can  be  chosen  as  desired  because  now  the  information 
of  the  downstream  throttle  setting  can  be  transmitted  upstream  and  can  so  reach  the 
cascade  itself.  In  summary  we  have  two  independent  variables  in  cases  where  the  flow 
conditions  at  both  ends  are  either  axial  subsonic  (one  inlet,  one  outlet)  or  supersonic 
(two  inlet),  but  there  is  only  one  choice  in  one  of  the  mixed  cases,  i.e.,  if  the  exit 
flow  is  axial  supersonic  and  the  inlet  is  axial  subsonic,  whereas  in  the  contrary  com¬ 
bination  of  an  axial  supersonic  inlet  and  an  axial  subsonic  outlet  there  are  three 
( two  at  the  inlet  and  one  at  the  outlet)  parameters  to  be  chosen. 


After  this  overall  view  we  will  now  concentrate  only  on  such  behaviour  which  will 
be  typical  for  transonic  compressors.  From  all  the  various  kinds  shown  in  Fig.  2  espe¬ 
cially  the  configurations  I  and  V  are  typical  for  design  point  conditions  of  transonic 
compressor  cascades.  For  some  part  load  conditions  at  low  back  pressures  also  cases 
II,  III  and  VI  may  occur  and  for  very  high  back  pressures  the  configuration  IV  will 
come  in  scene.  First  of  all  there  is  the  subsonic  configuration  where  in  transonic 
stages,  due  to  the  high  subsonic  inlet  Mach  Numbers,  normally  a  supersonic  pocket  on 
the  profile  suction  surface  will  occur.  These  flow  conditions  are  typical  for  rotor 
hub  sections  and  for  all  radial  sections  of  the  stators  with  the  higher  Mach  Numbers 
normally  at  the  hub.  The  second  flow  configuration  typical  for  transsonic  compressors 
is  those  shown  as  case  V.  Here  the  inlet  flow  is  supersonic  but  the  axial  component 
is  far  away  from  sonic.  The  outlet  flow  is  throttled  to  subsonic  or  near  sonic  condi¬ 
tions.  These  flow  configurations  are  realised  especially  in  the  outer  parts  of  the 
first  rotors  of  transonic  compressors. 


For  part  speed  conditions  when  the  throttling  area  is  decreased  the  supersonic 
conditions  change  to  the  configurations  shown  as  case  IV.  Now  the  inlet  flow  is  still 
supersonic  but  not  fixed  by  the  cascade  geometry  but  by  the  throttle  area.  Thus,  the 
oblique  shock  system  at  the  inlet  has  moved  upstream  and  the  cascade  supersonic  inlet 
conditions  are  strongly  dependent  on  the  downstream  throttle  settings.  If  in  contrast 
the  relative  back  pressure  is  lowered  in  comparison  to  case  V  the  subsonic  exit  flow 
is  accelerated  up  to  supersonic  conditions  and  the  flow  condition  will  be  more  similar 
to  those  shown  as  case  VI.  Regarding  part  speed  conditions  for  the  subsonic  design 
(case  I)  results  at  increasing  back  pressure  to  lower  inlet  Mach  Numbers  and  higher 
incidences.  Is  the  back  pressure  lowered  in  contrary,  the  inlet  flow  is  accelerated 
up  to  the  limit  at  which  the  cascade  chokes.  This  choking  may  be  of  the  normal  subsonic 
type  (case  II)  or  for  higher  inlet  angles  of  the  supersonic  type  (unique  incidence). 

In  both  cases  the  inlet  no  longer  can  be  influenced  from  behind.  But  if  the  decreasing 
of  back  pressure  prolonge  the  outlet  flow  is  still  further  accelerated  up  to  super¬ 
sonic  velocities  comparable  to  cases  III  and  VI. 
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At  last  it  shall  be  mentioned  that  for  all  choked  supersonic  inlet  flows  with  an 
axial  subsonic  component  there  may  be  one  additional  limiting  situation  if  the  cascade 
passage  is  formed  in  such  a  manner,  that  there  exists  a  remarkable  throat  area  (minimum 
area).  Under  all  these  circumstances  one  is  always  confronted  with  the  so-called  start¬ 
ing  problem.  Due  to  the  additional  shock  losses  produced  upstream  of  the  throat  its 
area  is  relatively  small,  so  that  in  spite  of  the  supersonic  inlet  Mach  Number  a  large 
subsonic  region  across  the  whole  passage  is  established  and  in  the  cascade  throat  the 
flow  is  accelerated  up  to  sonic  condition.  Therefore  there  is  a  subsonic  choking  of 
the  flow  in  spite  of  the  supersonic  inlet  flow.  This  means,  that  the  inlet  is  influenced 
by  the  cascade  geometry  and  the  losses  produced  upstream  of  the  throat.  If  it  is  possible 
to  swallow  the  intermediate  subsonic  flow  due  to  short  term  increasing  of  inlet  Mach 
Number  or  of  throat  opening,  and  so  to  avoid  most  of  the  shock  losses,  another  flow 
configuration  can  be  established,  where  now  a  supersonic  choking  (unique  incidence) 
is  reached  as  it  is  shown  in  Pig.  2  (cases  V  -  VII). 


In  Fi<i.  3  the  normal  flow  condition  of  a  transonic  compressor  section  is  shown 
in  some  more  detail.  As  can  be  seen  in  this  figure  there  is  an  oblique  shock  wave  (S-C) 
moving  upstream  (axial)  of  the  cascade.  Near  the  leading  edge  of  the  blade  (S-B)  this 
oblique  shock  changes  to  the  center  part  of  a  bow  wave,  where  the  strong  solution  of 
the  shock  polar  comes  into  action.  Finally  at  the  cascade  channel  entrance  the  bow 
wave  forms  a  nearly  normal  shock  (B-A)  at  this  high  back  pressure  condition.  As  long 
as  the  outlet  pressure  cannot  influence  the  inlet  flow  the  unique  incidence  condition 
still  is  fulfilled.  In  all  real  applications  the  shock  losses  due  to  the  oblique  part 
of  the  entrance  shock  wave  are  negligible  whereas  the  normal  3hock  at  the  channel  en¬ 
trance  produces  entropy  losses  comparable  to  the  usual  profile  losseB  at  Mach  Numbers 
of  Ma.  1.3.  At  lower  inlet  flow  Mach  Numbers  these  shock  losses  become  weaker  but 
they  are  strongly  increasing  at  higher  inlet  flow  velocities. 


2.2  Basic  considerations  on  shock  losses 


The  total  pressure  loss  of  a  normal  shock  is  given  by  the  recovery  factor: 
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In  this  equation  La  is  the  Laval  Number  immediately  upstream  of  the  shock.  This  local 
Laval  Number  can  be  calculated  for  supersonic  inlet  flow  as  a  function  of  the  inlet 
Laval  Number  and  a  supersonic  expansion  from  the  leading  edge  to  the  position  of  the 
compression  shock.  This  supersonic  expansion  results  from  the  expansion  around  the 
leading  edge  shape  and  the  change  of  the  contour  angle  between  the  inlet  flow  direction 
(begin  of  supersonic  expansion  due  to  unique  incidence  condition,  see  ref.  3)  and  the 
position  of  the  shock.  Fig.  4  shows  the  recovery  factor  of  a  normal  compression  shock 
as  a  function  of  supersonic  expansion  for  several  values  of  the  inlet  Laval  Number. 
Thus,  for  given  inlet  Laval  Number,  the  supersonic  expansion  should  be  minimised.  This 
will  result  in  a  sharp  leading  edge  and  a  straight  contour  shape  up  to  the  compression 
shock  position.  In  this  case  the  supersonic  expansion  can  be  neglected  and  the  Laval 
Number  in  front  of  the  compression  shock  is  nearly  equal  to  the  inlet  value  which  is 
the  lowest  possible  value.  Thus,  the  losses  due  to  the  compression  shock  will  be  mini¬ 
mal. 


2.3  Shock/boundary-layer  interaction  loss  model 


For  supersonic  cascade  inlet  conditions  there  is  a  shock  system  consisting  of  an 
oblique  shock  which  influences  the  region  upstream  of  the  cascade  (for  subsonic  axial 
velocity)  and  a  normal  shock  within  the  blade  passage.  It  has  been  experienced  that 
the  oblique  shock  in  front  of  the  cascade  produces  very  low  losses,  whereas  the  normal 
shock  within  the  blade  passage  produces  considerably  high  losses  for  high  shock  Laval 
Numbers.  The  strong  increase  of  losses  in  transonic  compressor  cascades  at  high  inlet 
Mach  Numbers  cannot  only  be  attributed  to  shock  losses  according  to  normal  shock  corre¬ 
lations,  but  primarily  to  the  shock/boundary-layer  interaction  which  results  ln  bound¬ 
ary-layer  separation  due  to  the  strong  pressure  gradient  of  the  compression  shock. 

The  very  complicated  flow  conditions  made  it  impossible  up  to  now  to  calculate  the 
shock  losses  with  analytical  methods  sufficiently  accurate.  Therefore,  most  of  the 
published  methods  are  derived  using  very  simple  shock  models  and  empirical  shock  loss 
correlations  (ref.  4).  The  first  published  correlation  for  shock  loss  prediction  is 
given  in  ref.  5  and  is  also  used  today  with  some  modifications.  One  of  these  modified 
correlations  has  been  applied  to  the  profile  types  of  this  paper  with  very  good  success 
and  contains  two  steps  (see  Flo.  5): 
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a  normal  shock  correlation  for  a  shock  Mach  Number  equal  to  the  inlet  Mach  Number. 
This  could  be  done  because  the  investigated  profiles  had  been  designed  for  zero 
or  nearly  zero  supersonic  expansion  in  the  supersonic  part  of  the  profile. 

the  well  known  correlation  of  ref.  6  to  take  into  account  for  compressibility  effects 
and  shock/boundary- layer  interaction. 

The  profile  losses  at  supersonic  inlet  conditions  are  calculated  by  superposition  of 
the  two  correlations: 
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This  correlation  had  been  applied  to  relevant  cascade  measurements  done  at  DFVLR  on 
supersonic  profiles  for  transonic  compressors.  Fig ■  6  shows  the  results  of  the  correla¬ 
tion  in  good  agreement  with  the  measurements. 


3.  TRANSONIC  PROFILE  DESIGN  CONCEPTS 


According  to  the  above  mentioned  criteria  for  design  of  transonic  compressor  cas¬ 
cades  for  minimal  shock  losses  the  objective  of  a  blading  design  is  to  reduce  the  shock 
Mach  Number  by  minimizing  the  supersonic  expansion.  These  ideal  conditions  cannot  be 
realized  in  every  case  (for  instance  sharp  leading  edge).  A  further  consideration  has 
to  be  directed  to  the  subsonic  part  of  the  cascade  behind  the  compression  shock.  For 
the  case  of  a  straight  contour  shape  from  the  inlet  to  the  shock  position  the  whole 
flow  deflection  has  to  be  done  by  the  rear  part  of  the  cascade.  For  a  given  flow  deflec¬ 
tion  this  can  lead  to  an  overloading  with  subsequent  boundary-layer  separation.  There¬ 
fore,  the  optimisation  of  transonic  profiles  should  take  into  account  this  boundary- 
layer  behaviour,  resulting  in  a  small  supersonic  expansion  in  the  supersonic  part  and 
a  tolerable  diffusion  in  the  subsonic  part.  Although  compression  shock  losses  will 
be  increased  due  to  higher  supersonic  expansion,  the  total  losses  can  be  decreased 
due  to  the  elimination  of  boundary-layer  separation.  The  design  of  such  transonic  pro¬ 
files  for  a  given  velocity  triangle  has  to  take  into  account  the  following  conditions: 

-  profile  thickness  according  to  structural  considerations 
space/chord  ratio  for  sufficient  choke  margin 

unique  incidence  condition  to  fix  the  suction  surface  direction  with  respet  to 
the  inlet  flow  direction  (also  taking  into  account  supersonic  expansion  around 
the  leading  edge) 

the  splitting  point  between  supersonic  and  subsonic  part  is  given  by  a  shock  model 
of  a  normal  shock  emanating  from  the  leading  edge  of  the  adjacent  blade  and  normal 
to  the  suction  surface  of  the  considered  blade.  The  profile  contours  at  this  point 
have  an  Identical  tangent. 

deviation  at  the  trailing  edge  according  to  empirical  correlations  for  subsonic 
cascades  consisting  of  NACA  65  blades  (see  ref.  1). 


3.1  Hedge-type  profile  shape 


The  consequent  realisation  of  the  above  mentioned  optimisation  criteria  for  the 
supersonic  part  of  transonic  profiles  (lowest  Laval  Number  in  front  of  the  compression 
shock)  leads  to  a  straight  suction  surface  from  the  leading  edge  to  the  shock  position. 
This  wedge-type  profile  (MTU-1,  Fig.  7)  is  composed  of  a  straight  camber  line  in  the 
supersonic  region  and  a  circular  arc  camber  line  in  the  subsonic  region  behind  the 
compression  shock.  The  profile  shape  is  given  by  a  superposition  of  this  camber  line 
and  a  thickness  distribution  consisting  of  the  leading  edge  circle  and  a  wedge  shape 
within  the  supersonic  region  and  of  a  NACA  65  thickness  distribution  within  the  sub¬ 
sonic  part  behind  the  compression  shock. 


3.2  Multiple  circular  arc  type  profile  shape  (MCA) 


In  order  to  reduce  the  aerodynamic  loading  of  the  subsonic  part  of  the  cascade, 
this  type  of  blades  has  a  small  amount  of  supersonic  expansion  from  the  leading  edge 
to  the  shock  position.  As  has  been  mentioned,  the  supersonic  expansion  has  to  be  chosen 
with  respect  to  avoiding  separation  of  the  boundary-layer  at  the  shock  position.  The 
camber  line  of  these  MCA- type  blades  (MT0-2,  MTO-3)  is  composed  of  two  circular  arcs. 
The  profile  shape  is  given  by  a  superposition  of  this  csmber  line  and  a  thickness  di¬ 
stribution  in  the  supersonic  part  as  explained  above.  For  the  subsonic  part  two  diffe¬ 
rent  profile  shapes  have  been  investigated: 
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according  to  good  experience  for  high  subsonic  flow  conditions  a  NACA  T1  thickness 
distribution  has  been  chosen  (MTU-2) 

similar  to  the  wedge-type  profile  shape,  also  a  NACA  65  thickness  distribution 
has  been  used  for  the  subsonic  part  (HTU-3). 


3.3  Design  of  test  cascades 


Due  to  insufficient  accuracy  of  available  calculation  methods  for  viscous  transonic 
cascade  flows,  the  quality  of  the  design  methods  and  the  deflection  behaviour  of  the 
designed  profile  shape  has  to  be  verified  by  cascade  testing.  The  cascade  geometry 
chosen  for  the  cascade  tests  was  taken  from  the  aerodynamic  design  at  mid  section  of 
rotor  1  of  a  3-stage  transonic  compressor  (ref.  7)  with  the  aerodynamic  data: 

Section:  mid  r  >  0.2565  m 

Max  -  1.3  0X  -  27.1°  fl2  -  34.0*  «  «  1.21 

t/c  »  0.042  s/c  -  0.7086 

According  to  the  above  explained  design  concepts  a  wedge-type  profile  cascade  as  well 
as  MCA- type  profile  cascades  were  designed  (Fig.  8) : 

The  blading  data  for  the  wedge-type  profile  (MTU-1)  are: 

6  »  7.9°  6  -  0*  0  »  31.0* 

u  uss  s 

The  blading  data  for  the  MCA-type  profile  are  strongly  effected  by  the  supersonic 
expansion  6  .  This  value  has  to  be  carefully  chosen  with  respect  to  low  choke 

Mach  NumberuF8r  the  section  investigated,  but  also  with  respect  to  radial  distribu¬ 
tion  of  this  value.  Thus,  for  the  mid-section  of  rotor  1  blading  6  -  2.0°  has 

been  chosen.  UBS 

The  blading  data  of  MTU-2  type  profile  section  are: 

6u  ■  9-3*  6  uss  -  2-°°  "s  ■  31-4* 

The  blading  data  of  MTU-3  type  profile  section  are: 

6u  -  8-8*  8  uss  -  2-°  *  31-7‘ 


4.  ANALYSIS  OF  TEST  RESULTS 


4.1  Cascade  Test  Results 


The  cascade  investigations  were  performed  in  the  transonic  cascade  wind  tunnel 
of  DFVLR  in  Cologne.  The  details  of  this  facility  and  all  the  measuring  equipments 
are  summarized  in  ref.  8.  In  spite  of  the  two-dimensional  cascade  model  there  exists 
in  a  real  tunnel  a  flow  area  contraction  due  to  the  growing  boundary  layers  on  the 
tunnel  side  walls,  see  Fig.  9.  This  contraction  which  is  identical  to  the  axial  velo¬ 
city  density  ratio  (AVDR) 

57-  Bj/Bj  -  <p2  w2  sin  wx  sin  Bj) 

has  to  be  incorporated  in  all  investigations  or  must  be  controlled  by  boundary  layer 
suction  during  the  tests.  Within  the  present  tests  it  was  impossible  to  install  such 
a  suction  device  because  it  was  necessary  to  make  Schlieren-plctures  in  order  to  see 
the  shock-system  and  to  control  and  adjust  the  periodicity  during  the  different  thrott¬ 
ling  set-ups.  Therefore  all  the  measured  data  are  not  at  a  constant  AVDR  and  some 
scatter  may  be  the  result.  To  overcome  this  difficulty  at  least  partly  only  measure¬ 
ments  where  the  AVDR  is  of  the  same  magnitude  are  compared.  A  detailed  documentation 
of  all  test  results  is  given  in  ref.  9. 


Within  the  test  program  measurements  were  taken  in  front  of  the  cascade  (wall  sta¬ 
tics)  and  behind  (wake  traverses)  as  well  as  profile  statics  on  the  suction  and  pres¬ 
sure  aide  of  the  blade  and  in  addition  also  Schlieren  measurements  are  done  as  already 
mentioned.  For  the  analysis  especially  the  downstream  wake  results  are  of  interest 
to  compare  the  net  turning  and  the  associated  losses  with  design  and  also  to  judge 
the  three  different  profile  types  against  each  other.  The  first  is  of  interest  to  see 
how  far  design  and  reality  diverge  whereas  the  second  question  may  result  in  some  alter¬ 
native  compressor  profiling  if  the  MTU-2  or  MTU-3  blades  shows  some  remarkable  advan¬ 
tage  against  the  standard  MTU-1  compressor  blade.  Whereas  in  the  test  series  a  lot 
of  different  back  pressures  are  realised  for  the  analysis  only  the  highest  static  out¬ 
let  pressure  is  mainly  recognised  because  this  condition  is  nearest  to  the  compressor 
design  configuration  as  the  original  Schlieren  pictures  clearly  show. 
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In  Fig.  10  the  inlet  flow  angle  is  shown  as  function  of  inlet  Mach  Number.  In  this 
case  only  the  low  back  pressure  results  are  shown  to  be  sure  to  show  the  started  super¬ 
sonic  inlet  conditions  (unique  incidence).  In  Fig.  11  the  outlet  flow  angle  now  at 
highest  outlet  static  pressure  is  shown  again  as  function  of  the  inlet  Mach  Nuaber. 

In  addition  in  both  figures  the  coapressor  design  values  are  shown  yielding  quite  good 
agreeaent  with  measurements  especially  if  the  difference  in  AVDR  (design  Si  ■  1.21  test: 

0  *  1.0S  -  1.10)  is  taken  into  account  which  is  of  some  influence  on  the  outlet  flow 
angle.  Fig.  12  shows  the  integrated  total  pressure  loss  for  all  three  types  of  profile. 
As  can  be  seen  the  differences  for  all  three  configurations  are  very  saall.  The  MTU- 2 
profile  seams  to  have  some  small  advantages  at  higher  Mach  Numbers  but  care  has  to 
be  taken  due  to  some  scatter  in  AVDR  and  also  the  usual  accuracy  scatter  of  measured 
values  and  of  blade  shape  geometry  may  narrow  the  gap  between  the  MTU- 2  losses  and 
those  of  the  two  other  profiles.  Fig.  13  shows  the  wake  traverses  at  highest  back  pres¬ 
sure  for  the  three  profiles  at  near  design  conditions.  As  is  in  accordance  with  the 
integrated  losses  also  the  wakes  of  the  different  MTU  profiles  show  quite  the  same 
total  pressure  loss  distribution  in  the  circuaf erentlal  direction  indicating  no  diffe¬ 
rences  in  separation  zones  for  these  three  profile  types,  especially  at  the  shown  design 
Mach  Number.  In  Fig.  14  the  profile  Mach  Nuaber  distributions  of  the  three  profiles 
is  shown  again  for  the  same  flow  conditions  as  before. 


4.2  Experience  in  a  transonic  compressor 


To  see  whether  the  theoretical  considerations  and  the  cascade  results  could  be 
realized  in  a  concrete  machine,  the  first  rotor  of  a  three  stage  fan  was  analyzed  in 
more  detail.  This  fan  is  sketched  in  Fig.  15.  As  can  be  seen  the  first  two  rotors  are 
designed  with  profiles  of  the  MTU-1  type,  as  discussed  in  the  foregoing  sections.  The 
last  rotor  on  the  other  hand  uses  double-circular-arc  blades  whereas  all  stators  are 
from  the  conventional  NACA  65  series.  The  reduced  perforaance  characteristics  of  this 
compressor  is  shown  in  Fig.  16  from  which  a  satisfying  distance  from  surge  can  be  de¬ 
duced  over  the  whole  working  range  of  an  associated  military  fighter  engine.  Additio¬ 
nally  this  map  shows  a  clear  tendency  to  improved  efficiency  in  the  part  speed  regime 
at  a  reduced  speed  of  ninety  percent. 


To  analyse  the  interior  flow  behaviour  of  this  coapressor  different  measuring  de¬ 
vices  are  used.  In  addition  to  standard  up-  and  downstream  set-ups  several  profiles 
of  all  three  stator  rows  are  instrumented  with  total  pressure  and  total  temperature 
probes  at  the  leading  edges  (see  Fig.  17)  in  order  to  get  the  radial  information  at 
the  stator  entries.  But  to  get  also  some  information  of  the  flow  velocities  within 
a  blade  row  it  was  necessary  to  use  a  Laser-2-Focus  velocity  aneaoaeter  (ref.  10). 

This  instrument  yields  detailed  velocity  vectors  within  a  complete  three-dimensional 
blade  passage  of  rotor  1  (ref.  11).  All  the  axial  and  radial  Laser  measuring  locations 
are  shown  in  Fig.  18.  where  also  is  indicated  at  how  many  circumferential  positions 
the  flow  is  detected  within  one  spacing.  In  Fig.  19  to  22  the  interblade  flow  Laval 
Numbers  are  shown  at  four  different  radial  stations.  For  all  shown  flow  conditions 
the  compressor  working  point  is  fixed  at  design  speed  and  a  pressure  ratio  at  the  asso¬ 
ciated  engine  working  line.  In  addition  to  the  sketched  relative  Laval  Number  at  all 
measuring  stations  the  measured  relative  Laval  Number  and  relative  flow  angle  are  indi¬ 
cated  numerically.  In  Fig.  19  the  radial  height  is  19  «,  i.e.  near  the  hub.  The  flow 
configuration  clearly  shows  the  near  sonic  subsonic  inlet  velocities  but  due  to  the 
supercritical  condition  a  limited  supersonic  pocket  is  formed  at  the  front  part  of 
the  suction  surface.  This  pocket  is  bounded  downstream  by  a  nearly  normal  shock  reduc¬ 
ing  the  supersonic  flow  again  to  subsonic  velocity.  At  the  more  Inward  stations  of 
34,5  t  radial  height  the  inlet  flow  has  reached  a  supersonic  condition  and  the  super¬ 
sonic  pocket  increases  up  to  infinity.  Crossing  the  compressor  radial  mid  section  the 
inlet  flow  velocity  further  increases  and  reaches  a  Laval  Number  of  1.22  at  the  shown 
radial  station  of  60  t.  As  can  be  seen  on  Fig.  21  the  front  bow  wave  can  be  divided 
into  two  parts.  The  upward  running  weak  shock  Induced  by  the  front  suction  surface 
geometry  which  fixes  the  final  cascade  inlet  condition  (unique  incidence)  is  continued 
into  the  blade  passage  as  a  nearly  normal  shock.  In  the  shown  flow  case  there  exists 
a  second  acceleration  to  supersonic  velocities  within  the  cascade  channel  which  finally 
is  terminated  by  a  second  normal  shock  yielding  the  final  subsonic  outlet  conditions. 
Finally  Fig.  22  shows  the  flow  conditions  near  the  rotor  tip  (at  a  rad  if  1  height  of 
90  t) .  In  this  case  the  inlet  Laval  Number  has  further  Increased  to  La.  ■  1.4  and 
the  bow  wave  has  moved  downstream  nearer  to  the  blade  leading  edge.  Additionally  in 
the  shown  configuration  the  back  pressure  is  so  low,  that  the  deceleration  to  the  down¬ 
stream  conditions  is  possible  by  means  of  several  reflected  oblique  shock  waves  result¬ 
ing  from  the  blade  passage  part  of  the  front  bow  wave.  In  this  case  the  relative  outlet 
Laval  Number  is  near  sonic  so  that  no  velocity  reduction  to  subsonic  velocities  will 
occur  downstream. 


In  addition  to  the  detailed  flow  analysis  within  the  blade  passages  it  is  possible 
too,  to  use  the  measured  velocities  and  flow  directions  in  front  and  aft  of  the  blades 
to  get  the  radial  distribution  of  magnitude  and  angle  of  the  flow  velocity,  in  this 
case  the  different  values  along  the  pitch  are  area  averaged.  In  those  radial  positions 
where  only  one  single  position  is  focused  this  value  which  is  located  near  the  middle 
of  the  pitch  is  used.  The  relative  Laval  Numbers  are  shown  in  Flo.  23  whereas  the  rela- 
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tive  flow  angles  are  given  in  Fig.  24.  In  both  figures  also  the  theoretical  values 
used  during  the  compressor  design  are  sketched.  To  give  an  Pagination  of  the  rotor 
loss  in  Fig.  25  the  relative  total  pressure  at  the  rotor  exit  is  shown.  This  figure 
clearly  shows  the  radial  and  circumferential  loss  distribution  of  this  rotor.  Due  to 
the  high  Mach  Number  and  the  associated  shock  losses  at  the  rotor  tip  the  total-pres¬ 
sure  loss  in  this  region  is  markedly  increased  in  comparison  to  the  low  Mach  Number 
hub-region. 


5.  CONCLUSIONS 

On  the  basis  of  a  detailed  investigation  of  the  flow  conditions  in  a  transonic 
compressor  cascade  design  criteria  for  the  supersonic  part  of  these  profiles  are  de¬ 
rived.  The  main  design  feature  is  to  reduce  the  shock  Mach  Number  by  applying  wedge- 
type  profiles.  With  respect  to  the  loss  behaviour  of  the  subsonic  part  a  moderate  super¬ 
sonic  deflection  has  been  investigated  (MCA-type  blades).  The  subsonic  part  of  these 
profiles  consists  of  conventional  NACA  thickness  distribution.  According  to  these  design 
criteria  three  different  cascades  have  been  tested.  Cascade  tunnel  results  as  well 
as  Laser-2-Focus  measurements,  in  the  first  rotor  of  a  three-stage  transonic  compressor 
proved  the  low-loss  design  of  these  blades.  A  further  improvement  in  loss  reduction 
at  high  inlet  Mach  Numbers  will  be  possible  by  applying  modern  numerical  methods.  But 
a  real  progress  can  only  be  made  if  the  viscous  effects  are  treated  in  a  realistic 
way. 
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Fig.  1  Radial  distribution  of  Laval  Number  for  a  3-stage  transonic  compressor 


EXIT 


Fig.  2  Principal  flow  conditions  of  plane  cascades 


Fig.  5  Loss  correlation  as  a  function  of  inlet  Mach  Number 
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Tig.  6  Comparison  of  profile  loss  coefficients 


Pig.  8  Different  profile  shapes  of  transonic  profiles 
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Fig.  11  Outlet  flow  angle  as  function  of  inlet  Mach  Number  at  highest  throttling 
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Fig.  12  Profile  loss  coefficient  at  highest  back  pressure 
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Fig.  14  Profile  Mach  Number  distribution  at  near  design  conditions 
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Fig.  17  Duct-Flow-Analysis 


axial  and  radial 
measuring  stations: 


Fig.  18  Laser-2-Focus  ■assuring  positions  of  rotor  1  (MTU-1  profile) 


Fig .  20  Hub-aid  blade-to-blade  Laser-2-Focus  aeasureaents 
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Pig.  22  Near  tip  blade-to-blade  Laser -2-Focus  aeasurenents 


Theory 


ri,.  23  Relative  Laval  Numbers  at  Inlet  and  exit  of  first  rotor 
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Pig-  25  Relative  total  pressure  distribution  at  exit  of  first  rotor 


DISCUSSION 


Karadimas 

(1)  Have  the  presented  profiles  been  defined  by  an  inverse  method  or  by  geometrical  direct  methods? 

(2)  Are  the  profiles,  optimised  at  a  design  point  for  minimum  losses,  also  adequate  for  off-design  operating 
conditions?  It  is  interesting  to  know  if  that  is  true,  particularly  near  the  stall  line  and  in  the  low  speed  region. 

Author's  Reply 

(1)  The  presented  profiles  were  designed  by  a  geometrical  method. 

(2)  At  the  time  the  presented  profiles  were  designed  we  were  not  able  to  calculate  any  off-design  losses  and  also 
today  this  may  be  difficult.  So  the  stringent  point  of  your  question  cannot  be  answered,  whether  a  profile  not 
uniquely  optimized  for  a  single  operation  point  can  do  better  with  regard  to  the  whole  range  of  operation. 

On  the  other  hand,  cascade  tests  of  the  presented  profiles  show  no  special  misbehaviour  at  the  high  incidence 
side  of  the  working  range  at  supersonic  inlet  velocities,  compared  to  other  MCA  profile  tests. 

For  subsonic  inlet  velocities,  cascade  measurements  showed  a  sufficient  working  range  for  the  MTU  1  profile 
type  compared  with  DCA  profiles,  whereas  for  both  other  profile  types  (MTU-2,  MTU-3)  no  subsonic  tests  are 
available. 


W.I  .Calvert,  UK 

The  measured  shock  patterns,  particularly  near  the  blade  tip  (Fig.22),  are  significantly  different  from  the  pattern 
assumed  in  the  design  model  (Fig.3).  Would  you  comment  on  this  difference? 

Author’s  Reply 

The  shock  wave  pattern  depends  on  the  design  point  back  pressure,  which  is  fixed  by  the  through  flow  calculation. 
In  the  case  of  the  tip  region,  the  exit  Mach  number  is  about  1  and  higher  (and  not  subsonic).  Therefore,  the  optimal 
cascade  configuration  as  described  in  the  paper  can  only  be  rendered  in  the  region  with  subsonic  exit  condition 
(mid-span  region). 


Wennerstrom 

Is  there  a  value  of  relative  inlet  Mach  number  above  which  you  would  consider  introducing  negative  camber  rather 
than  a  straight  suction  surface? 

Author’s  Reply 

As  the  cascade  results  have  shown,  there  is  no  clear  tendency  for  straight  or  convex  supersonic  part  in  the  considered 
Ma-number  region.  But  if  the  inlet  Mach  number  is  further  increased  (Mai  >  1 .6)  we  would  consider  also  the  use 
of  a  negative  camber  supersonic  part  as  a  physically  possible  method  to  reduce  supersonic  losses.  But  care  has  to  be 
taken  with  regard  to  off-design  behaviour. 


Van  den  Braembussche,  Be 

About  Fig.25,  are  these  measurements  taken  at  the  same  conditions  as  previous  figures  and  could  you  comment  on 
the  fact  that  for  the  tip  region  (transonic)  there  are  higher  losses  on  pressure  side  than  on  the  suction  side?  This  is 
not  expected  from  the  shock  patterns  of  the  previous  figures. 

Author’s  Reply 

The  results  shown  on  Fig.25  concerning  the  relative  total  pressure  distribution  at  exit  of  first  rotor  are  evaluated 
from  the  measurements  which  also  had  been  used  for  the  previous  figures  (i.e.  at  same  conditions). 

The  losses  on  the  pressure  side  are  produced  by  friction  losses,  shock  losses  and  shock/boundary  layer  interaction 
losses.  According  to  the  actual  shock  configuration  higher  losses  can  be  produced  on  pressure  side  than  on  suction 
side.  This  is  a  non-usual  result  compared  to  subsonic  cascade  tests. 

On  the  other  hand  one  has  also  to  consider  the  uncertainties  of  such  evaluations: 

-  measuring  plane  (7)  is  not  exactly  located  at  blade  trailing  edge  over  the  whole  blade  height. 

-  L2F  measurements  do  not  give  information  on  total  pressure.  Therefore  total  temperature  has  been  evaluated 
from  measured  angle  and  velocity  using  Euler’s  equation  and  the  static  pressure  measured  at  tip  and  hub  exit  of 
first  rotor. 

It  is  necessary  to  continue  these  investigations  with  respect  to  the  discussed  problems. 
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SUMMARY 

^Flow  in  a  turbine  cascade  studied  by  Langston,  et  al^/atT  United  Technologies  Research  CenterAs 
considered.  Measurements  have  been  made  in  a  geometrically  similar  cascade  with  an  axial  chord  of  235 /m 
(compared  with  the  281  ^mm  used  by  Langston  et  al.)  and  the  same  span/chord  and  pitch/chord  ratios.  The 
present  five-blade  cascade  has  an  exit  Reynolds  number  based  on  axial  chord  of compared  with  the 
value  _q£>10  a  16?-  for  the  four-blade  cascade  of  Langston  et  al.  fK V  O. 

('/oo,ooB\  1  '  ' 

Measurements  of  total  pressure  and  flow  direction  downstream  of  the  cascade  complement  the  results  of 
Langston  et  al.  which  shoved  the  flow  development  only  within  the  cascade.  The  downstream  flow  is  Important « 
however, as  approximately  50  X  of  the  losses  occur  downstream  of  the  trailing  edge.  Regions  of  high- loss 
fluid  are  found  and  the  origin  of  fluid  in  these  regions  is  traced  using  the  ethylene  Injection  technique 
with  a  flame  ionisation  detector.  From  a  computational  standpoint,  there  is  Interest  not  only  in  the 
location  of  the  ethylene  at  the  downstream  plane  but  also  in  the  concentration  levels  and  the  diffusion 
rates.  From  a  practical  standpoint,  the  most  significant  result  from  the  present  tests  is  that  the  highest 
entropy  fluxes  downstream  of  this  cascade  (at  x/c  -  1.4)  occur  near  midspan  in  a  high-loss  core  and  not 
near  the  end  walls. 
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NOMENCLATURE  1 
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St 

StA 

JtB 

fptC 

CptD 

H12 

I.J 

P. 


8 

T 


u,v,w 

U 


1  u'2/U 
V 


x.y.* 

AY 

AZ 


blade  axial  chord 

skin  friction  coefficient 

total  pressure  loss  coefficient,  Eq.  3 
pitch-integrated  entropy  flux,  Eq.  6 
pitch-wise-mass-averaged  entropy,  Eq.  8 
span-integrated  entropy  flux,  Eq.  9 
span-vlse-mass-averaged  entropy,  Eq.  11 
S  6*/8,  shape  factor 

indices  for  grid  matrix,  Fig.  6 
total  pressure 

entropy 

temperature 

velocity  components.  Fig.  2 
free-atream  velocity 

measure  of  turbulence  Intensity 
velocity  component  normal  to  measuring 
plane.  Fig.  2 

cartesian  coordinates,  Fig.  1 
blade  pitch 

blade  span  (measured  from  bottom  wall) 


8  mean  camber  line  angle,  measured  from  y  axis 

A*  displacement  thickness  of  boundary  layer 

mean  kinetic  energy  thickness  of  boundary  layer 

jgg  boundary  layer  thickness 

8  momentum  thickness  of  boundary  layer 

p  density 

A  flow  angle.  Fig.  2 

p  flow  angle.  Fig.  2 

Subscript 

o  stagnation 

1  free  stream  at  Inlet 

2  downstream 

Overbar 

—  average 

—  mass  average 

Abbreviation 


ppm  parts  per  million  by  volume 
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One  of  the  most  extensively  documented  turbine  cascade  flows  In  the  literature  is  that  reported  by 
Langston  et  al.  [1-3]  at  the  United  Technologies  Research  Center.  Sufficient  detail  is  given  about  the 
Inlet  flow  and  the  flow  development  within  the  blade  passages  for  the  computational  fluid  dynamiclst  to  use 
this  flow  as  a  test  case  for  the  development  of  flow  calculation  methods  [4-6].  Yet,  even  with  this  cascade 
flow,  there  are  still  questions  about  some  aspects  of  the  flow  and  about  the  sources  of  the  losses.  It  Is 
convenient  therefore  for  a  flow  modeller  to  have  his  own  cascade  so  that  he  can  perform  hla  own  tests  to 
answer  questions  of  Interest  to  him.  For  this  reason,  a  five-blade  replica  of  the  Langston  cascade  [1]  was 
built  at  VPX&SU  [7]. 

This  paper  describes  the  results  of  measurements  made  In  this  VP16SU  low-speed  turbine  cascade  to 
answer  such  questions  as: 

(a)  Row  does  the  flow  develop  downstream  of  the  trailing  edge  where  more  than  half  of  tha  losses  are 
created  ? 

(b)  Bow  are  the  losses  distributed  at  a  measurement  plana  40  X  of  an  axial  chord  downstream  of  the 
trailing  edge  (x/c  ■  1.4)  7 

(c)  What  paths  does  fluid  from  the  horseshoe  vortices  take  In  passing  through  the  cascade  T 

(d)  Where  does  fluid  need  to  enter  the  cascade  in  order  to  leave  with  low  losses  (at  x/c  •  1.4)  T 

There  are  three  sections.  First,  the  cascade  geometry  and  inlet  flow  are  described.  Questions  (a) 
and  (b)  are  then  addressed  as  measurements  of  tha  downstream  flow  development  and  loss  distributions  are 
presented.  In  tha  last  section,  measurasMnts  of  flow  trajectories  using  an  ethylene  detection  technique 
allow  answers  to  questions  (c)  and  (d)  to  be  suggested. 
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It  may  interest  flow  modellers  to  know  that  the  materials  and  equipment  costs  Incurred  In  building 
Che  VPI&SU  cascade  and  in  purchasing  and  cooeissioning  the  flame  ionisation  detection  system  for 
ethylene  were  less  than  $4000. 

5-BLADE  REPLICA  OF  LANGSTON  TURBINE  CASCADE 


Langston  Blade  and  Cascade  Geometries 

The  Langston  blade  geometry  is  that  of  a  reaction-turbine  rotor  section;  the  airfoil  mean  camber  line 
angles  are  0^  -  43.99°  and  02  *  25.98°,  respectively,  giving  a  nominal  turning  angle  of  110  and  a  velocity 
ratio  of  approximately  1.6.  In  the  tests  reported  by  Langston  et  al.  [1,2],  the  Inlet  air  angle  was  44.7  , 
close  to  zero  incidence. 

The  blade  camber  line  is  close  to  being  a  double  parabolic  arc;  and,  based  on  the  length  of  the  camber 
line,  the  maximum  blade  thickness  is  approximately  16.7  X  and  the  leading  and  trailing  edge  radii  are 
approximately  3.8  X  and  2.1  X,  respectively.  The  trailing  edge  is  quite  thick,  presumably  to  accommodate 
cooling-air  passages  in  the  actual  turbine. 

The  aspect  ratio  (span/axial  chord)  of  the  Langston  cascade  is  low,  0.9888.  But  the  pitch/axial  chord 
ratio  is  large,  0.9555,  giving  the  Zweifel  loading  parameter  [8]  a  value  of  1.124.  The  axial  chord  is 
281.3  mm. 


VPI&SU  Cascade  Geometry 

The  ratio  of  the  radii  of  the  leading  and  trailing  edges  of  the  Langston  blade  is  approximately  0.56. 
This  suggested  the  possibility  of  using  one  inch  diameter  stock  for  the  leading  edge  and  9/16  inch  diameter 
stock  for  the  trailing  edge  of  the  scale  model.  With  the  cascade  geometry  and  blade  angles  of  Langston  et 
al.,  the  corresponding  axial  chord  length  is  then  235.2  mm.  The  5-blade  cascade,  shown  in  Fig.  1,  was 
constructed  to  this  scale  with  a  pitch  of  224.8  mm  and  a  span  of  234.4  ns.  The  ratio  of  pltch/axial  chord 
is  0.956,  the  same  as  used  by  Langston,  and  the  ratio  of  span/axial  chord  is  0.997,  approximately  1  X  larger. 
More  details  of  the  VPI&SU  cascade  are  given  in  references  7  and  9. 

Reynolds  Number  and  Trip  Wires 

The  Reynolds  number  for  this  cascade,  based  on  the  blade  axial  chord  and  an  exit  velocity  of  37.5  m/s, 
is  5.8  x  10->.  This  is  sufficiently  low  that  the  location  of  natural  transition  from  a  laminar  to  a  turbulent 
boundary  layer  along  the  blade  profile  could  significantly  affect  the  profile  losses.  With  the  present 
method  of  blade  construction,  however,  there  are  Joints  between  the  cylindrical  leading-edge  pieces  and  the 
plexiglas  side  walls.  These  joints  are  filled  with  plasticene  and  smoothed,  but  it  is  quite  likely  that 
they  would  influence  transition,  perhaps  in  a  random  manner.  For  this  reason,  a  0.020  inch  diameter  trip 
wire  was  epoxled  to  the  plexiglas  side  walls  on  the  pressure  and  suction  surfaces  of  all  the  blades, 
approximately  3  mm  downstream  of  the  joints. 


Upstream  Boundary  Layer 

The  inlet  flow  to  the  cascade  was  defined  by  performing  boundary  layer  traverses  with  a  hot-wire 
anemometer  400  mm  upstream  of  the  leading  edges  of  the  middle  blade  and  of  the  adjacent  blade.  The  boundary 
layer  profiles  were  then  integrated  numerically  to  obtain  the  integral  parameters  displacement  thickness 
6*,  momentum  thickness  0,  kinetic  energy  thickness  6^,  and  shape  factor  H12  »  6*/6.  The  values  obtained  are 
presented  in  Table  1.  In  addition,  a  measure  of 
the  turbulence  intensity  was  obtained  from  the 
mean  and  root-mean- square  values  of  the  linear¬ 
ized  hot  wire  signal,  and  the  wall  shear  stress 
was  measured  using  a  Preston  tube.  These 
results,  together  with  the  frees tream  velocity 
*  23.5  ±  0.4  m/s.  obtained  with  a  Pitot  probe 
define  the  inlet  flow  conditions  for  the  present 
tests. 

This  inlet  flow,  with  a  boundary  layer 
thickness  of  35-40  mm  compared  with  a  span  of 
235.2  mm,  was  chosen  to  correspond  approximately 
with  the  Langston  flow  with  a  thick  inlet  bound¬ 
ary  layer,  33  mm  compared  with  a  span  of  281.3 
mm.  It  should  be  noted  however  that  the  ratio 
of  inlet  displacement  thickness  to  span  for  the 
present  tests,  which  was  approximately  0.023, 
was  nearly  twice  the  value  of  0.0134  in  the 
Langston  test. 

Table  1.  Results  of  Boundary  Layer  Measurements 
400  am  Upstream  of  the  Cascade  (see  Fig.  1) 


Upstream  oi 
Middle  Blade 


Upstream  of 
Adjacent  Blade 
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Figure  1.  Cascade  geometry  and  measurement  planes. 
Linear  dimensions  in  mm. 
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DOWNSTREAM  FLOW  DEVELOPMENT 


Five-Hole  Probe  Measurements 


Five-hole  probe  measurements  were  made  at  the  slot  down¬ 
stream  of  the  cascade  at  x/c  -  1.4,  as  shown  in  Fig.  1.  The 
results  are  presented  and  analysed  using  the  two  planes  depicted 
in  Fig.  2.  The  measurement  plane  is  parallel  to  the  plane 
containing  the  trailing  edges  of  the  blades;  and  a  fictitious 
cross-sectional  plane  for  the  projection  of  secondary  velocities 
and  other  data  la  defined  to  be  perpendicular  to  the  direction 
of  the  mean  camber  line  at  the  trailing  edges.  Data  taken  in 
the  measurement  plane  downstream  of  the  cascade  are  projected 
onto  this  cross-sectional  plane. 

A  nominal  flow  direction  downstream  of  the  blade  row  is 
defined  in  the  direction  of  the  mean  camber  line  at  the  trailing 
edges  of  the  blades  (8,  “  26°).  The  velocity  component  in  this 
direction,  which  is  defined  to  be  the  primary  flow  direction, 
is  termed  u.  Thus  secondary  flow  velocity  components  v  and  w 
are  defined,  which  are  contained  within  the  cross-sectional 
plane.  In  the  analysis  of  the  five-hole  probe  data  these  three 
velocity  components  were  calculated  together  with  the  component 
V  ,  normal  to  the  measuring  plane,  see  Fig.  2  The  flow  angles, 
pnand  4,  connected  with  the  velocity  components  are  also  shown 
in  Fig.  2. 


Averaged  Properties 


The  mass-averaged  total  pressure  loss  coefficient  is 
defined  as 
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and  the  average  normal  velocity  as 
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Figure  2.  Representation  of  downstream 
velocities  using  components  v  and  w 
orthogonal  to  the  velocity  component  u 
in  the  direction  of  the  mean  camber 
line  at  the  trailing  edge.  V  - 
velocity  component  normal  to  Seasuring 
plane. 


The  integrations  are  performed  in  the  measuring  plane  over  one  blade  pitch,  from  y 
upper  half  of  the  plane  from  z  -  AZ/2  at  midspan  to  z  ■  AZ  at  the  upper  end  wall. 

The  results  were:  (C  )jt/c_ i  2  0-064  ±  0.004 


0.38  ±  0.03 


<V 


x/c-1 . 4 


14.33  ±  0.15  m/s. 


0  to  AY,  and  for  the 


The  net  increase  In  C  ■  0.32  nay  be  compared  with  a  value  of  0.31-0.04  -  0.27  reported  by  Langston, 
et  si.  for  their  plane  12,palao  at  x/c  *  1.4.  The  difference  in  the  two  results  may  be  partly  explained  by 
the  lower  Reynolds  number  (based  on  axial  chord  and  exit  velocity) .of  the  present  cascade  tests.  Re  - 
5.8  x  103  compared  with  the  Langston  cascade  tests  of  Re  -  10  x  10  .  It  would  be  expected  that  the  lower 
Reynolds  number  would  result  in  a  higher  loss.  Also,  in  the  present  cascade,  the  trip  wires  applied  shortly 
downstream  of  the  leading  edges  of  the  blades  will  probably  have  shifted  the  point  of  transition,  between  a 
laminar  and  a  turbulent  boundary  layer,  upstream.  This  would  result  in  a  higher  skin  friction  around  the 
blade  than  for  the  case  of  natural  transition  without  trip  wires  and  consequently  in  higher  losses,  compared 
to  the  result  obtained  by  Langston,  et  el.  Considering  these  two  factors,  the  agreement  between  the  losses 
measured  in  the  present  cascade  and  those  measured  by  Langston,  et  al.  is  reasonable. 


Contour  Plots  and  Secondary  Flow  Plots 

Figure  3  shows  contours  of  constant  C  projected  on  the  cross-sectional  plane  shown  in  Fig.  2  as  seen 
by  an  observer  looking  upstream.  The  corresponding  view  of  ths  secondary  flow  velocities  is  seen  in  Fig.  4. 
The  highest  values  for  C  appear  in  the  end-wall  boundary  la;  r  and  reach  a  value  of  approximately  2.7  at 
the  wall.  Values  of  C  p  greater  than  1.0  alao  occur  in  the  midspan  region,  which  will  be  termed  the  "high- 
loss  core"  (for  this  mUsurament  plane);  this  region  has  a  significant  area  with  C  greater  than  0.5.  A 
region  of  moderate  loss  (0.1  <  C  <  0.5)  extends  from  the  high-loss  core  to  the  and  wall  in  a  location 
roughly  downstream  of  the  trailing  edge.  This  represents  fluid  in  the  blade  wake,  which  is  bounded  on  both 
sides  by  relatively  low  loss  fluid  (C  <  0.1).  The  low-loss  region  extends  from  the  edge  of  the  end-wall 
boundary  layer,  where  there  is  a  larglc”low-loss  core,”  to  midspan  where  it  appears  as  a  thin  sheet  between 
the  high-loss  core  and  the  wake  from  the  adjacent  blade. 
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The  secondary  flow  patterns  in  Fig.  4  are  dominated  by  the  passage  vortex  which  developed  in  the 
blade  row  upstream  and,  at  this  measurement  plane,  is  centered  near  the  peak  value  of  C  O  1.3)  in  the 
high-loss  core.  Seen  in  the  cross-sectional  plane  at  x/c  -  1.4,  the  passage  vortex  haspa  core  of  solid 
body  rotation  with  a  diameter  of  the  order  of  10Z  of  the  span  and  streamwise  vorticity  of  approximately 
2000  rad/ a;  the  maximum  secondary  velocities  are  of  the  order  of  10  m/s  in  the  passage  vortex  and  these 
may  be  compared  with  streamwise  velocities  of  about  37.5  m/s. 

Contours  of  Normal  Velocity 

Contours  of  constant  normal  velocity,  V  ,_are  shown  in  Fig.  5.  The  values  for  these  contours  may  be 
compared  with  the  average  normal  velocity,  V  ■  14.3  m/s.  Large  normal  velocities  occur  near  midspan; 
these  are  associated  with  the  passage  vortex  observed  in  Fig.  4.  The  velocities  shown  at  the  end  wall 
are  not  exactly  zero  because  of  the  presence  of  the  slop,  which  influenced  the  five-hole  probe  measurements 
close  to  the  wall. 


Figure  3.  Contours  of  total  pressure  loss 
coefficient  C  at  x/c  -  1.4.  Results 
projected  in  Erie  cross-sectional  plane; 

-  projections  downstream  of  blades  in 

direction  of  mean  camber  lines  at  trailing 
edges;  suction  -  downstream  of  middle  blade; 
pressure  -  downstream  of  adjacent  blade. 


0 


end  wall 


Figure  4.  Secondary  flow 
vectors  In  the  cross- 
sectional  plane  at  x/c  “1.4. 

-  Projections  downstream 

of  blades  In  direction  of 
mean  camber  lines  at  trail¬ 
ing  edges;  suction  -  down¬ 
stream  of  middle  blade; 
pressure  -  downstream  of 
adjacent  blade. 


end  wall 


5-6 


Contributions  to  the  Overall  Losses 

In  the  discussion  of  the  total  pressure  losses  shown  in  Fig.  3,  four  areas  were  distinguished  -  the 
end-wall  boundary  layer,  the  high- loss  core,  the  blade  wake,  and  the  low- loss  region.  These  areas  are  shown 
in  Fig.  6,  which  gives  the  selected  values  of  the  indices  I  and  J  of  the  50  x  50  grid  matrix  used  to  define 
the  areas.  The  contribution  of  each  area  to  the  mass-averaged  total  pressure  loss  coefficient  was  found  by 
integrating  the  numerator  of  Eq.  1.  The  results  are  presented  as  percentages  of  contribution  to  the  overall 
losses  and  are  shown  in  Table  2. 

Approximately  58  Z  of  the  losses  are  found  in  the  high-loss  core  near  midspan.  By  contrast  the  end- 
wall  boundary  layer  at  this  plane  gives  only  about  12  %  which  is  really  surprisingly  small.  The  area 
attributed  to  the  blade  wake  accounts  for  21  Z  of  the  losses  and  the  low-loss  region  contains  9  %. 


Total  Pressure  Losses  and  Entropy  Fluxes 

For  flow  of  an  ideal  gas  with  small  changes  in  total  pressure 
compared  with  the  absolute  total  pressure  at  the  inlet  and  with 
small  changes  in  total  temperature  T  ,  the  mass-averaged  entropy 
change  is  related  to  the  mass-averaged  total  pressure  loss  coeffi¬ 
cient  by  the  approximation 
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Table  2.  Loss  Contributions  of 
Significant  Regions  to  the  Overall 


Losses  at  x/c  *  1.4. 

End-Wall  Boundary  Layer  12.0  % 
High-Loss  Core  58.6  Z 
Blade  Wake  20.8  Z 
Low-Loss  Region  8.6  Z 


For  example,  in  the  present  test,  C 
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The  mass-averaging  of  the  total  pressure  losses  in  Eq.  2  may  therefore  be  thought 
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The  contributions  to  the  overall  losses  shown  in  Table  2  represent  contributions  to  the  total  flux  of  entropy 
at  this  plane.  It  is  interesting  that  the  highest  flux  of  entropy  occurs  near  nldspan  in  the  high-loss  core. 
This  is  confirmed  in  Fig.  7,  where  contours  of  normalized  entropy  flux,  defined  as 
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are  shown.  With  this  definition,  the  mean  entropy  flux  is  unity.  In  the  high-loss  core,  values  greater 
than  four  times  the  mean  value  are  found,  while  in  the  end  wall  boundary  layer  the  entropy  fluxes  rise  to 
only  2.6  times  the  mean  value  before  falling  to  zero  at  the  wall. 


Pitch-Averaged  Losses 

Further  information  about  the  distribution  of  entropy  flux  at  the  downstream  measurement  plane  may  be 
found  by  averaging  the  total  pressure  data  in  the  pitch-wise  direction.  Two  distributions  in  the  spanwise 
direction  are  considered,  the  distribution  of  entropy  flux  or  C  ^ ,  and  the  distribution  of  pitch-wise-mass- 
averaged  entropy  ot  C^^.  These  are  defined  as 
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The  spanwise  distribution  of  entropy  flux,  repre¬ 
sented  as  C  ,  is  shown  in  Fig.  8.  The  distribution 
reaches  a  pEak  at  eldspan  with  higher  levels  than  the 
naxlaua  values  recorded  in  the  end-wall  boundary  layers. 

It  aay  g±gp  be  confirmed  that  the  area  under  the  curve 
yields  Cpt  -  0.38. 

Pltch-wlse-aass-averaged  entropies,  repraaanted  as 
C  ,,  are  shown  in  Fig.  9.  The  msximum  values  of  entropy, 
c8rrespondlng  to  the  maximum  values  of  C  •  2.7,  occur 
at  the  wall,  while  the  minimum  average  entropies  are 
found  near  the  edge  of  the  end-wall  boundary  layer.  The 
entropies  then  rise  to  another  maximum  at  mldspan. 


end  mid- 

woll  span 


Figure  >.  Spanwise  distribution  of  entropy 
flux,  represented  as  C  at  x/c  ■  1.4. 

pt* 
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Pitchwise  Distributions  of  Loss 


The  two  corresponding  distributions  in  the  pitch- 
wise  direction  are  the  distribution  c i  entropy  flux  or 
C  and  the  distribution  of  span-wlse-mass-averaged 

eRtropy  or  C  k_.  These  are  defined  as 
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These  pitchwise  distributions  are  shown  in  Fig.  10, 
and  it  can  be  seen  that  (at  this  plane)  they  are 
remarkably  similar  in  both  shape  and  magnitude.  This 
similarity  results  from  the_small  variation  of  the 
denominator  of  Eq.  11  (for  C  J  in  the  pitchwise 
direction;  and  this  in  turn  is  because  the  high  and  low 
values  of  normal  velocity,  V  ,  both  occur  at  the  same 
pitchwise  location,  as  seen  ?n  Fig.  5. 


The  significant  cyclical  variation  in  the  losses 
in  the  blade- to-b lade  direction,  shown  in  Fig.  10, 
results  mostly  from  the  residual  low-loss  fluid  which 
stretches  in  the  span-wise  direction  between  the  high- 
loss  cores,  as  seen  in  Figs.  3  and  6. 


MEASUREMENT  OF  FLOW  TRAJECTORIES  BY  ETHYLENE  DETECTION 


In  the  last  section,  measurements  of  total  pressure 
loss  were  described  at  an  axial  location  AO  Z  of  the 
axial  chord  downstream  of  the  trailing  edge.  These 
results  showed  a  large  region  of  high-loss  fluid  near 
midspan  and  a  low-loss  region  extending  from  midspan  to 
the  edge  of  the  endwall  boundary  layer.  In  this  s^.^ion, 
the  sources  of  fluid  in  these  regions  are  traced  by 
ethylene  Injection  and  detection  [12].  Fluid  from  the 
horseshoe  vortices  is  located  at  the  blade  exit  and  at 
the  downstream  measuring  plane  and  the  flow  trajectories 
of  this  fluid  through  the  cascade  are  inferred. 

A  Gowmac  model  12-800  flame  ionisation  detector 
and  model  40-700  electrometer  were  used  as  the  basis  of 
a  detection  system  for  ethylene.  This  system  is  des¬ 
cribed  in  references  13  and  14. 

Tracing  Horseshoe  Vortex  Flow 


Figure  9.  Pitch^wise-mass-averaged  entropies, 
represented  as  C  at  x/c  «  1.4. 


Figure  10.  Distributions  of  entropy  flux, 
represented  as  C  ,  and  span-wlse-mass- 
averaged  entropy?  represented  as  C  D,  in  the 
pitchwise  direction  at  x/c  •  1.4.  p 


Figure  11  shows  a  flow  visualization  of  the  limiting 

streamlines  on  the  end  wall  of  the  cascade.  The  visualization  was  achieved  by  rolling  a  mixture  of  diesel 
oil  and  titanium  dioxide  onto  an  aluminum  sheet  which  was  taped  to  the  bottom  wall;  the  thin  lines  on  the 
picture  were  caused  by  the  edges  of  the  roller.  The  flow  was  then  turned  on  for  four  minutes  giving  the 
picture  shown.  The  middle  blade  of  the  picture  is  the  middle  blade  of  the  five-blade  cascade;  the  present 
studies  were  conducted  in  the  flow  between  this  blade  and  the  adjacent  blade  on  the  suction  side  (l.e.  the 
blade  in  the  top  right  hand  corner). 


In  Fig.  11,  the  separation  of  the  end  wall  boundary  layer  and  the  formation  of  the  horseshoe  vortices 
near  the  blade  leading  edges  are  clearly  defined  by  an  accumulation  of  white  titanium  dioxide  In  a  line 
which  stretches  across  the  passage  to  the  suction  side  of  the  next  blade.  This  almost  straight  line  is 
associated  with  the  pressure-side  leg  of  the  horseshoe  vortex  which  reaches  the  suction  side  of  the  next 
blade  at  about  midchord,  just  upstream  of  the  throat.  The  other  leg  of  the  horseshoe  vortex  stretches 
around  the  leading  edge  and  flows  down  the  suction  side  where  it  is  clearly  seen  In  the  end  wall  corner 
region  until  about  the  quarter  chord  position.  At  this  point  It  appears  to  leave  the  end  wall  and  move  onto 
the  suction  surface. 


The  separation  lines  are  also  drawn  on  Fig.  12  which  shows  a  top  view  of  the  test  passage  and  sampling 
planes.  The  Injection  plane  was  at  x/c  -  0.09  just  downstream  of  the  leading  edge  and  the  two  points  P  and 
S  were  chosen  for  injecting  ethylene  Into  the  pressure-side  and  suctlon-slde  legs  of  the  horseshoe  vortex. 

The  ethylene  was  Injected  st  a  rate  of  150  cc/min  through  3.1  am  diameter  tubes  located  2.0  X  of  the  blade 
span  (4.7  am)  from  the  top  wall.  Fig.  13  shows  a  cross-section  of  the  Injection  plane  viewed  from  downstream 
with  the  injection  tubes  drawn  to  scale.  The  Injection  was  at  a  distance  from  the  wall  of  approximately 
12  X  of  the  inlet  boundary  layer  thickness. 
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Figure  11.  Flow  visualization  of  the  limiting 
streamlines  on  the  bottom  wall  of  the  cascade. 

Sampling  at  Downstream  Measuring  Plane 

The  flow  was  sampled  lsokinetlcally  with 
a  probe  of  1.0  am  Inside  diameter  which  was 
traversed  in  the  downstream  measuring  plane. 

The  resulting  concentration  contours  for  points 
P  and  S  are  shown  If  Figs .  14a  and .  14b , 
respectively.  These  plots  may  be  compared 
with  the  corresponding  contour  plot  of  total 
preasure  loss  shown  In  Fig.  3  and  reproduced 
again  In  Fig.  15.  The  locations  of  the  peak 
concentrations  In  Figs.  14a  and  14b  are  marked 
as  P  and  S  In  Fig.  15. 

Figure  15  shows  that  the  peak  concentra¬ 
tions  of  ethylene  from  both  legs  of  the  horse¬ 
shoe  vortex  are  found  In  essentially  the  same 
location,  at  the  downstream  measuring  plana, 
at  a  point  corresponding  very  closely  with  the 
maximum  total  pressure  loss  (C  »  1.3)  in  the 
high-loss  core.  The  maximum  c8acentration  of 
ethylene  from  the  pressura-side  lag  of  the 
horaeshoe  vortex  Is  approximately  45  ppm  while 
the  peak  from  the  auction-side  leg  is  25  ppm. 
The  contours  for  the  pressure-side  leg  In 
Fig.  14a  are  quite  symmetrical  about  the  peak 
with  a  reduction  to  one-half  the  peak  concen¬ 
tration  occurring  at  a  radius  of  about  5  2  of 
the  span.  The  mixing  la  somewhat  more  complete 
for  the  auction-aide  leg  and  the  distribution 
shows  a  tail  at  concentration  levels  below  10 
ppm,  as  assn  In  Fig.  14b. 

Semolina  gear  Trailing  Edaa 


Figure  12.  Top  view  of  test  passage  showing  ethylene 
Injection  and  sampling  planes,  o  -  Injection  points  for 
pressure-side  (P)  and  suctlon-slde  (S)  legs  of  horseshoe 

vortex.  -  likely  path  of  fluid  from  point  P; 

-  likely  path  of  fluid  from  point  S. 


top  wall 


Figure  13.  View  of  ethylene  injection  plana  (x/c  •  0.09) 
looking  upstraam.  o  -  injection  points  for  pressure- 
side  (F)  and  suctlon-slde  (S)  legs  of  horseshoe  vortex. 
1-14  -  Injection  points  for  tracing  low-loss  fluid. 

-  estimated  locations  of  fluid  with  a  downstream 

value  of  C  ■  0.2. 

Pf 


A  seven-pronged  rake  was  used  for  sampling  Just  upstream  of  the  blade  exit  at  x/c  “  0.96  (corresponding 
to  plana  9  of  Langston  at  al.  [1]).  This  was  constructed  using  1.6  n  diameter  tubing  soldarsd  in  the 
configuration  shown  In  Vlg.  12.  It  was  traversed  vertically  in  the  auction-aide  half  of  the  passage. 

Figures  16a  and  b  show  tha  concentration  contours  at  this  plana  for  injection  points  F  and  S,  respectively. 

The  contour  shapes  era  quits  different  for  the  two  Injection  points.  Figure  16a  shows  the  ethylene 
from  the  pressure-side  lag  of  the  horseshoe  vortex  In  a  relatively  syMatrical  distribution  about  a  peak 
concentration  of  approximately  S3  ppm.  Thera  la  however  a  ridge  of  concentrations  In  excess  of  20  ppm 
extending  towards  the  suction  side  near  mid a pan.  This  whole  distribution  is  quite  similar  to  the  smoke 
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Figure  14a  Figure  14b 

Figure  14,  Ethylene  concentration  contours  at  downstream  measuring  plane  (x/c  *  1.4). ^  Concentrations  in 
ppm.  Contours  plotted  In  croas-aectlonal  plane  {see  Fig.  2).  Suction  -  downstream  of  middle  blade; 
pressure  -  downstream  of  adjacent  blade.  - -  Outline  of  high-loss  core  (see  Fig.  6). 


end  wall 


Figure  15.  Contours  of  total  pressure  loss  coefficient  C 
at  the  downstream  measuring  plane,  x/c  *  1.4.  Results 
projected  In  the  cross-sectional  plane  (see  Fig.  2). 
a  -  locations  of  peak  concentrations  for  Injection  at  the 
points  shown  In  Fig.  13. 


trace  obtained  by  Stanltz  et  al.  and  presented 
as  Fig.  10  in  reference  15.  There  they  showed 
the  formation  of  a  passage  vortex  in  a  90 
degree  rectangular  elbow  by  Injecting  smoke 
on  the  plane  wall  at  the  elbow  inlet.  It 
appears  therefore  that  fluid  from  point  P  is 
distributed  throughout  the  passage  vortex  just 
as  the  smoke  in  Stanltz'  duct  auirked  his 
passage  vortex. 

By  contrast,  Fig.  16b  shows  an  entirely 
different  distribution  of  ethylene.  Here 
there  Is  a  band  of  high  concentrations,  be¬ 
tween  50  and  70  ppm,  across  the  top.  If  the 
interpretation  of  the  results  in  Fig.  16a  is 
that  fluid  from  the  pressure-side  leg  of  the 
horseshoe  vortex  locates  the  centre  of  the 
passage  vortex  at  this  plane,  then  the  results 
In  Fig.  16b  Indicate  that  fluid  from  the 
suction-side  leg  of  the  horseshoe  vortex  Is 
being  convected  around  the  centre  of  the 
passage  vortex.  Indeed  it  is  already  starting 
another  sweep  around  the  centre.  This  could 
explain  the  band  of  high  concentrations.  In 
Fig.  12,  we  have  drawn  the  likely  paths  of 
fluid  from  point  P  and  S  between  the  measured 
locations  of  maximum  concentration.  These 
paths  are  consistent  with  the  picture  of  fluid 
from  point  S  being  convected  around  fluid  from 
point  P  which  marks  the  passage  vortex.  In 
this  top  view,  the  path  of  fluid  from  point 
S  appears  like  a  slna  wave,  oscillating  about 
the  path  of  fluid  from  point  P. 
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Figure  16a 
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Figure  16b 


Figure  16c 

Figure  16.  Kthylene  concentration  contours  near  blade 
exit,  x/c  -  0.96.  Concentrations  In  ppm.  Injection 
probe  disasters:  Fig.  16s  -  3.1  aa;  Fig.  16b  -  3.1  m; 
Fig.  16c  -  1.1  as. 


Consider  the  orientation  of  the  rake 
in  Fig.  12.  A  possible  explanation  of  the 
band  of  high  concentrations  in  Fig.  16b  is 
that  the  path  of  fluid  from  point  S  actually 
takes  it  past  several  prongs  of  the  rake 
each  of  which  sees  the  sane  fluid  with  the 
sane  high  concentration. 

Comparison  with  Results  of  Marchal  and 
Sleverdlng 

Marchal  and  Sleverdlng  [ 16 }  also  invest¬ 
igated  the  path  of  the  suction-side  leg  of 
the  leading  edge  vortex  through  a  cascade 
of  turbine  rotor  blades.  Using  the  light 
sheet  technique,  they  were  able  to  illuminate 
and  photograph  smoke  patterns  in  a  low 
Reynolds  number  flow  (5-7  x  10*,  based  on 
exit  velocity  and  axial  chord) .  These 
showed  this  counter  vortex  in  the  cascade 
outlet  plane  just  ahead  of  the  trailing 
edge;  there,  the  counter  vortex  was  on  the 
oidspan  side  of  the  passage  vortex,  clearly 
rotating  in  the  opposite  sense  to  the 
passage  vortex. 

In  a  second  set  of  tests  with  a  cascade 
of  turbine  nozzle  blades,  Marchal  and 
Sleverdlng  used  a  5-hole  probe  to  measure 
a  flow  of  higher  Reynolds  number  (1.9  X  10^). 
Again  the  counter  vortex  was  seen  to  move 
towards  midspan  along  the  suction  surface 
of  the  blade;  and  downstream  of  the  blade 
row,  at  x/c  *  1.28,  the  vorticity  remaining 
from  the  counter  vortex  appeared  to  combine 
with  trailing  shed  vorticity  in  the  blade 
wake. 

Their  results  did  not  show  the  complete 
excursion  of  the  counter  vortex  around  the 
passage  vortex  or  the  subsequent  mixing  of 
Che  counter  and  passage  vortices  observed 
in  the  present  tests. 

Ethylene  Concentrations  as  a  Quantitative 
Measure  of  Turbulent  Mixing 

It  is  possible  that  the  probe  used  to 
Inject  the  ethylene  into  the  horseshoe 
vortices  at  points  P  and  S  could  have  influ¬ 
enced  the  flow  and  mixing  downstream.  As 
a  check,  the  3.1  am  diameter  injection  tube 
at  point  S  was  replaced  vlth  a  tube  of  1.1 
mm  diameter,  the  concentration  measurements 
near  the  trailing  edge  were  repeated,  and 
the  concentration  contours  of  Fig.  16c 
were  obtained.  Comparison  of  Figs.  16b 
and  16c  shows  little  difference  between  the 
results;  both  figures  show  a  band  of  high 
concentrations  at  the  periphery  of  the 
passage  vortex  and  both  give  a  peak  concen¬ 
tration  of  about  70  ppm;  the  shapes  of  the 
contours  are  remarkably  similar.  (It  should 
be  mentioned  that  the  repeated  measurements 
were  made  several  months  later  by  a  different 
experimenter.) 

Mixing  Downstream  of  Blades 

Some  of  the  ethylene  injected  at  point 
S  has  already  diffused  to  the  location  of 
maximum  concentration  for  point  P  by  the 
blade  exit.  In  Fig.  16b,  we  find  the  con¬ 
centration  at  this  location  is  27  ppm. 

Let  us  therefore  consider  the  change  along 
a  trajectory  following  the  maximum  concen¬ 
tration  for  point  P  downstream  of  the  blade. 
Along  this  trajectory,  the  change  for 
ethylene  from  point  S  is  from  27  to  25  ppm, 
similar  to  the  change  for  point  P,  from  55 
to  65  ppm.  But  along  a  trajectory  around 
the  edge  of  the  passage  vortex  the  concen¬ 
tration  of  ethylene  from  point  S  falls  from 
70  to  less  than  25  ppm.  It  appears  that 
fluid  at  the  edges  of  the  passage  vortex 
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can  mix  out  quite  rapidly  compared  with  fluid  in  its  core.  This  explanation  is  consistent  with  the  flow 
path  of  the  fluid  from  point  S  shown  in  Fig.  3;  this  carries  fluid  from  point  S  close  to  the  blade  surface 
at  the  trailing  edge. 

Tracing  Fluid  in  the  Low-Loss  Region 

In  Fig.  6,  a  low-loss  region  was  defined  based  on  total  pressure  measurements  at  the  downstream 
measuring  plane.  The  total  pressure  contours  are  reproduced  in  Fig.  15  and  the  low-loss  region  is  essential¬ 
ly  that  area  with  C  <0.2.  As  discussed  above,  it  consists  of  a  large  low-loss  core  near  the  end-wall 
boundary  layer  with  a  thin  ridge  extending  to  midspan  between  the  high-loss  core  and  the  adjacent  blade 
wake.  In  this  section  we  attempt  to  find  the  sources  of  this  fluid  in  the  ethylene  Injection  plane  shown 
in  Fig.  12. 

To  do  this,  we  injected  ethylene  through  a  2.4  mm  diameter  tube  at  the  14  locations  shown  numbered  in 
Fig.  13.  We  then  searched  the  downstream  plane  at  x/c  -  1.4  to  find  the  peak  concentrations;  the  locations 
of  these  are  marked  with  the  corresponding  numbers  in  Pig.  15.  We  have  also  estimated  with  the  dotted 
line  in  Fig.  13  the  location  in  the  Injection  plane  of  fluid  with  a  downstream  value  of  C  equal  to  0.2. 

Thus  the  source  of  fluid  in  the  low-loss  region  can  be  seen;  it  is  found  in  the  suctlon-s¥£e  half  of  the 
passage  at  the  blade  inlet  where  it  accounts  for  approximately  27  Z  of  the  flow  area.  This  is  consistent 
with  the  fact  that  fluid  in  the  low-loss  region  represents  about  36  Z  of  the  mass  flow  through  the  cascade. 

CONCLUSIONS 

A  5-blade  replica  of  the  Langston  turbine  cascade  [1]  has  been  used  to  gain  further  Information  about 
the  flow  development.  The  5-hole  probe  measurements  downstream  of  the  cascade  (at  x/c  ■  1.4)  complement 
the  results  of  Langston  et  al.  [1],  who  only  described  the  flow  within  the  blade  passage.  The  downstream 
flow  is  important,  however,  as  approximately  50  Z  of  the  losses  for  this  cascade  occur  downstream  of  the 
trailing  edge.  The  tracer-gas  technique  using  ethylene  and  a  flame  ionisation  detector  shows  the  paths  of 
fluid  from  horseshoe  vortices  through  the  cascade  and  shows  where  fluid  with  low  losses  downstream  entered 
the  blade  row. 

The  present  tests  were  performed  with  an  exit  Reynolds  number  based  on  axial  chord  of  5.8  x  10^, 
compared  with  10  x  10^  for  the  Langston  tests;  the  end-wall  boundary  layers  at  inlet  were  somewhat  thicker 
(6*/AZ  *  0.023)  than  those  used  by  Langston  (6*/AZ  -  0.0134), 

(1)  The  net  increase  in  total  pressure  loss  coefficient  for  the  present  cascade,  between  x/c  -  -1.2 

(upstream)  and  x/c  *  1.4  (downstream),  was  AC  ■  0.32.  This  is  in  reasonable  agreement  with  the  corres¬ 
ponding  value  of  0.27  reported  by  Langston  etpil.;  the  difference  may  be  explained  by  the  lower  Reynolds 

number  of  the  present  tests  and  by  our  use  of  trip  wires  near  the  leading  edges  of  the  blades . 

(ii)  Downstream  of  the  cascade,  at  x/c  *  1.4,  the  distribution  of  total  pressure  losses  showed 

(a)  a  high- loss  core  near  midspan  with  values  of  C  greater  than  1.0, 

(b)  a  low-loss  region  (C  <  0.1)  extending  from  tfie  edge  of  the  end-wall  boundary  layer  to  midspan 

where  it  appeared  as  a  thin  sfieet  between  the  high- loss  cores, 

(c)  the  blade  wake,  roughly  downstream  of  the  trailing  edge  and  extending  from  the  high- loss  core  to 
the  end  wall,  with  0.1  <  C  <  0.5, 

(d)  the  end  wall  bounfifiry  layer  with  values  of  rising  to  about  2.7  at  the  wall. 

(iii)  The  contributions  of  each  of  these  four  areas  to  the  mass-averaged  total  pressure  loss  coefficient 
(at  x/c  -  1.4)  were  58  Z  for  the  high- loss  core,  21  Z  for  the  blade  wake,  12  Z  for  the  end-wall  boundary 
layer,  and  9  Z  for  the  low- loss  region. 

(iv)  The  pitch-averaged  losses  were  lowest  at  the  edge  of  the  end-wall  boundary  layer,  due  to  a  large 
"low-loss  core,"  and  then  rose  towards  midspan.  The  entropy  fluxes  normal  to  the  downstream  measuring 
plane  were  higher  at  mldspan  than  in  the  end-wall  boundary  layer. 

(v)  Over  65  Z  of  the  ethylene  injected  near  the  blade  inlet  at  locations  of  horseshoe  vortex  flow  was 

found  downstream  within  the  high-loss  core.  Flow  from  the  pressure-side  and  suction-side  legs  of  the 
horseshoe  vortex  appeared  to  be  distributed  around  the  location  of  maximum  total  pressure  loss  (C  3  1.3) 
in  the  high-loss  core  at  the  downstream  plane.  p 

(vi)  Fluid  from  the  pressure-side  leg  of  the  horseshoe  vortex  appeared  to  be  distributed  throughout  the 
passage  vortex  at  the  blade  exit.  The  distribution  was  similar  to  the  distribution  of  smoke  observed  by 
Stanitz  in  a  passage  vortex  in  a  rectangular  elbow. 

(vli)  Ethylene  Injected  at  the  location  of  the  suction-side  leg  of  the  horseshoe  vortex  near  the  blade 
inlet  was  convected  around  the  centre  of  the  passage  vortex.  Fluid  at  the  edges  of  the  passage  vortex 
seemed  to  mix  more  rapidly  downstream  of  the  trailing  edge  than  fluid  near  Its  core. 

(viii)  Fluid  with  low  losses  (C  <  0.2)  at  the  downstream  plane  represented  about  36  Z  of  the  mass  flow 
through  the  cascade.  At  the  bladB* inlet  this  flow  accounted  for  approximately  27  Z  of  the  flow  area. 

(lx)  The  observation  that  the  size  of  the  Injection  probes  used  for  the  counter  vortex  (3.1  wm  and  1.1  am 
diameter)  did  not  measurably  influence  the  ethylene  concentrations  at  the  blade  exit  has  possible 
significance  for  flow  modellers.  It  suggests  that  the  ethylene  concentrations  presented  here  give  e 
quantitative  measure  of  the  Integrated  effects  of  convection  and  turbulent  mixing  between  the  injection 
point  and  the  sapling  plane.  This  data  may  therefore  be  useful  In  testing  three-dimensional  turbulent 
flow  calculation  methods,  especially  in  assessing  turbulsnce  models  and  numerical  accuracy. 
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DISCUSSION 


R.  Lewis,  UK 

If  the  entropy  loss  of  4.0  at  the  core  of  the  vortex  is  twice  that  observable  at  the  end  wall  after  the  cascade,  where 
does  the  additional  entropy  rise  come  from,  (Fig.7)?  Is  this  loss  core  in  fact  not  simply  the  consequence  of  the 
rolling  up  of  low  energy  fluid  admitted  to  the  cascade  from  the  annulus  layer  upstream,  rather  than  an  additional 
loss  casued  by  the  blade  row? 

Author’s  Reply 

Entropy  is  produced,  not  lost,  in  this  irreversible  flow  with  friction.  Figure  7  shows  contours  of  entropy  flux 
(pVn(s  —  s, ))  normalized  such  that  the  area-averaged  entropy  flux  is  unity.  Entropy  flux  is  a  measure  of  entropy 
flow  per  unit  area  and  has  the  units  l/Km’s;  it  is  used  here  to  show  where  the  entropy  is  crossing  the  downstream 
measuring  plane  at  x/c  =  1 .4. 

At  the  downstream  measuring  plane,  x/c  =1.4,  the  mass-averaged  total  pressure  loss  coefficient,  ?pl  =  0.38. 

Table  2  gives  the  contribution  due  the  high-loss  core,  at  this  plane  as  58.6%  or  6Cpt  =  0.223 .  At  the  cascade  inlet, 
x/c  =  -1.2,Cpt  =  0  .064 .  Thus  the  losses  in  the  high-loss  core  are  3.5  times  the  losses  (relative  to  the  inlet  free 
stream)  associated  with  the  end-wall  boundary  layer  at  the  cascade  inlet.  This  is,  of  course,  not  surprising  in  view  of 
the  irreversibility  due  to  friction,  especially  in  the  end-wall  and  suction-surface  boundary  layers,  and  mixing  in  the 
blade  wake. 


C.H.Sieverding,  Be 

Referring  to  Figure  6, 1  wonder  whether  the  splitting  of  the  total  losses  in  various  groups  of  losses  should  not  be 
modified  by  taking  into  account  (a)  that  due  to  the  spanwise  angle  variation  the  blade  wake  is  not  normal  to  the  end 
wall  and  (b)  that  the  region  qualified  as  “wake  losses”  should  extend  from  the  end  wall  to  mid-span,  which  would 
somewhat  reduce  the  percentage  of  the  high  loss  core  with  respect  to  the  total  losses. 

Author's  Reply 

In  this  turbulent  flow,  significant  mixing  occurs  and  distinct  boundaries  are  not  found  between  the  flow  regions. 
Fluid  from  one  region  mixes  with  fluid  from  adjacent  regions.  Choosing  areas  for  numerical  integration  is  therefore 
somewhat  arbitrary.  Our  purpose  here  was  to  obtain  answers  to  such  questions  as  what  proportions  of  the  losses  are 
found  (at  this  plane)  in  the  end-wall  boundary  layer  and  what  proportions  near  midspan.  A  combination  of 
ethylene  concentration  and  total  pressure  loss  measurements  could  be  used  to  quantify  the  losses  for  particular  fluid 
streams. 


K.Papailiou,  Gr 

(1 )  I  think  that  the  two  legs  of  the  horseshoe  vortex,  having  opposite  vorticity ,  tend  to  cancel  out.  One,  then, 
would  like  to  know  what  is  the  ratio  of  the  horseshoe  vorticity  with  respect  to  the  one  associated  with  the 
passage  vortex. 

(2)  If  one  mixes  out  the  flow,  starting  from  the  trailing  edge  plane,  and  using  momentum  arguments,  can  one  find 
that  the  losses  have  been  doubled? 

Author’s  Reply 

In  this  turbulent  cascade  flow,  vorticity  is  converted,  stretched  and  diffused.  The  extensive  data  of  Langston  et  al„ 
upon  which  the  results  of  Reference  1  are  based,  may  provide  quantitative  answers. 

At  the  exit  of  the  cascade,  with  the  inlet  boundary  layers  reported  here  and  by  Langston  [  1  ] ,  the  suction-surface 
boundary  layer  and  the  passage  vortex  combine  to  cause  a  significant  region  of  low  momentum  fluid  on  the  suction 
side  of  the  passage.  Complete  mixing  of  this  flow  with  the  relatively  low-loss  fluid  on  the  pressure  side  of  the 
passage  can  more  than  double  the  losses,  starting  from  the  trailing  edge  plane. 


F.Leboeuf,  Fr 

Concerning  the  losses  you  measure  at  the  downstream  station,  what  should  be  the  respective  influences  of  the  two 
legs  of  the  horseshoe-vortex  and  of  the  passage  vortex,  which  is  associated  with  the  deviation  of  the  boundary  layer 
on  the  end-wall? 

Author's  Reply 

A  measure  of  the  weak  influence  of  the  horseshoe  vortices  on  the  overall  losses  of  this  cascade  was  obtained  in 
References  7  and  9.  There,  an  attempt  was  made  to  change  the  strength  of  the  horseshoe  vortices  by  changing  the 
shape  of  the  leading  edges  of  the  blades.  This  altered  the  overall  losses  by  an  amount  which  was  considered  to  be 
within  the  experimental  uncertainty  of  the  measurements.  Care  should  be  taken  in  extrapolating  this  finding  to 
other  test  conditions  or  other  cascades. 
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Karadimas 

In  my  experience,  for  an  aspect  ratio  of  one,  I’ve  never  seen  such  high  losses  near  the  mid  section.  Are  you  sure  that 
one  part  of  those  losses  are  not  from  a  profile  separation?  Usually,  for  aspect  ratio  of  one,  the  high  losses  are 
approximately  in  the  25%  span  region.  Does  your  profile  have  a  good  velocity  distribution? 

Author’s  Reply 

The  loading  factor  was  1.12,  so  it’s  quite  highly  loaded.  The  boundary  layer  was  attached  in  a  two  dimensional 
sense  at  the  exit  on  the  suction  surface,  but  1  think  that  there  may  well  have  been  some  three  dimensional  separation 
of  the  boundary  layer  on  the  suction  surface  associated  with  the  roll-up  of  the  passage  vortex  and  associated  with 
the  boundary  layer  development  near  midspan.  But  the  boundary  layer  velocity  profile  in  the  through  flow 
direction  was  a  well  attached  turbulent  boundary  layer. 


7-1 

METHODE  DC  COUPLAGE  POUR  LE  CALCUL  EN  MODE  INVERSE 
DES  ECOULEMENTS  INTERNES  TRANSSONIQUES  AVEC  ONDE  DE  CHOC 
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Georges  MEAUZE  et  Jean  DELERY 

Office  National  d' Etudes  et  de  Recherches  AErospatlsles 
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REsumE 


L'approche  couplage  fluide  parfalt-f lulde  vlsqueux  est  un  substltut  trEs 
Economlque  E  la  resolution  des  Equations  de  Navler-Stok.es  completes,  qul  exlge  encore 
des  temps  de  calcul  trie  longs.  La  mEthode  proposEe  procEde  par  couplage  entre  un 
donalne  non  vlsqueux,  satlsfalsant  aux  Equations  d'Euler,  et  des  couches  dlsslpa- 
trlces  dEcrltes  par  une  formulation  aux  differences  flnlea  du  type  couche  Unite. 
Elle  permet  le  calcul  d'Ecoulements  Internes  transsonlques  avec  chocs  Intenses  et 
dEcollements  Etendus.  La  mEthode  est  essentlellement  basEe  sur  un  algorlthme  lnter- 
actif  Inverse-Inverse.  Dans  le  cas  prEsent,  c'est  la  position  du  choc  qul  est  flxEe  a 
priori.  Le  niveau  de  presslon  aval,  alnsi  que  les  pertes  par  effets  dlsslpatlfs, 
rEsultent  du  calcul  interactif.  Les  applications  prEsentEes  concernent  S  la  fols  des 
canaux  symEtrlques  et  dissymEtrlques.  La  structure  des  champs  calculEs  reflate  fidS- 
lement  la  rfialltE  expErlmentale,  en  dEplt  du  caractEre  slmpllste  du  modEle  de  turbu¬ 
lence  utlllaE  jusqu'E  prEsent. 


Abstract 


Vlacld-lnvlsdd  coupling  methods  are  a  very  economical  substitute  to  the 
solving  of  the  full  time-averaged  Navler-Stokes  equations  which  still  demands  long 
computer  time.  The  proposed  method  considers  a  coupling  between  an  lnvlsdd  domain 
which  satisfies  the  Euler  equations  and  dissipative  regions  which  are  depicted  by  a 
finite  difference  boundary-layer  type  formulation.  The  method  permits  the  calculation 
of  transonic  Internal  flows  comprising  strong  shock  waves  and  extented  separations. 
The  method  la  basically  founded  on  an  Inverse-Inverse  Interactive  algorithm.  In  the 
present  case,  one  fixes  the  shock  wave  location  :  the  Interactive  calculation  gives 
the  recovery  pressure  level  as  well  as  the  losses  due  to  dissipative  effects.  The 
presented  applications  are  relative  both  to  symmetrical  and  unaymmetrlcal  transonic 
channel  flows.  The  computed  flows  fields  faithfully  reproduce  experiments  In  spite  of 
the  rather  crude  turbulence  model  used  up  to  now. 


PRIHCIPALKS  NOTATIONS  PTIL1SBBS 


Cf  :  coefficient  de  frottenent  parlEtal 

F  :  fonctlon  d* amort lssement  de  VAN  DRIEST 

H  :  rapport  d'Epalsseurs  z’/e 

Hi  :  paramEtre  de  forme  Incompressible 

F  :  longueur  de  mflange  de  PRANDTL 

Mt  :  nombre  de  Mach  E  la  frontlEre  de  la  couche  Unite 

ft  :  presalon  statlque 

M.,t  :  conposantas  salon  x  et  y  de  la  vitas se  dans  la  couche  Unite 

jt,y  :  coordonnSes  de  la  formulation  concha  Units,  x  est  le  long  de  la  parol,  y  est  normals  E  la 
•  parol 

<J  :  Epalsseur  physique  de  la  couche  dissipative 
6*  :  Epalsseur  de  dtplacement 
6  i  Epalsseur  de  quantltE  de  mouvement 
(>  i  masse  spEclflque 
ji.  i  vlscosltE  nolEculalre 
T  i  frottenent  tengentlel 
U  t  coefficient  de  relaxation 
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1  -  INTRODUCTION 


Les  effets  vlsqueux  jouent  souvent  un  rdle  esaentiel  dans  lea  £couleaenta,  aussi  blen  su perso- 
niques  que  transsonlques  oil,  quasl-ln£vltableaent ,  se  foraent  des  ondes  de  choc  plus  ou  noins  lntenses. 
Les  Interactions  fortes  qui  se  nrodulsent  alors  quand  les  chocs  percutent  une  parol,  entratnent  un  gpals- 
sisseaent  raplde  des  couches  limltes  et  peuvent  n£me  provoquer  leur  dScolleaent,  si  les  sauts  de  presslon 
d£paasent  un  seull  critique.  Ces  ph£non2nes  lnt€ressent  aussi  Men  1 * a£rodyna*lque  externe  que  l'adrody- 
naalque  interne.  Ils  sont  sp£cialeaent  laportants  dans  les  fecouleaenta  de  canal,  ou  les  interactions 
visqueuses  lioltent  les  performances  effectives  2  des  niveaux  souvent  trfcs  inf£rieurs  aux  valeurs  th£ori- 
queaent  realisables  en  fluide  par fait. 

Les  calculs  d'£couleaents  complexes,  Incluant  plusieurs  zones  d* Interaction  vlsqueuse,  peuvent 
malntenant  §tre  effectu£s  en  adoptant  l1 une  ou  1* autre  des  approches  sulvantes  : 

-  la  aaniSre  la  plus  rlgoureuse  de  r£soudre  le  probldae  est  d'utillser  les  equations  de  Navler—  Stokes 
completes  avec  noddle  de  turbulence.  Toutefols  une  description  r£aliste  du  cheap  n£cessite  des 
aaillages  dont  la  density  conduit  i  des  teaps  de  calcul  encore  extrdaement  longs,  meae  en  falsant  appel 
2  des  techniques  nultl-domalnes  (1]  ; 

-  les  m£thodes  de  couplage  (ou  d’ interaction)  vlsqueux-non  vlsqueux,  off rent  des  posslblllt&s  de  calcul 
beaucoup  plus  feconomiques.  En  effet,  elles  prof i tent  d'une  double  slapllf Icatlon  en  s£parant  l'6cou- 
leaent  en  une  partle  non-vlsqueuse,  r£gle  par  les  Equations  d’ Euler  (ou  encore  plus  siapleaent  par 
1* Equation  du  potential  si  le  fluide  est  en  outre  irrotationnel) ,  et  en  une  partle  vlsqueuse  d  laquelle 
sont  appliqu£es  des  Equations  du  type  couche  llmite.  L'approche  couplage  connatt  actuelleaent  de 
noabreux  d£veloppeaents  et  est  largeaent  utllls£e  en  a£rodynamique  externe  oil  elle  concurrence  avanta- 
geuseaent  les  a£thodes  Navier-Stokes  [2]. 

L'enploi  du  couplage  fluide  parfait-f luide  vlsqueux  peut  £tre  envisage,  soit  sous  l1 aspect 
"direct",  aolt  sous  1* aspect  ‘'Inverse**. 

Dans  le  premier  cas,  1' object if  est  de  calculer  l'&coulement  correspondent  &  un  point  de 

fonctlonneaent  donn£,  pour  une  g£oa£trle  lapos£e. 

Dana  la  procedure  inverse  habltuelle  on  recherche  au  contralre  une  g£oa£trle  optlaale,  en 

s'laposant  tout  ou  partle  de  l'£couleaent  sous  forae,  par  exeaple,  de  repartitions  de  presslon  d  satis- 

falre  le  long  des  parols  du  canal.  Ces  repartitions  sont  souvent  cholsles  de  aanldre  d  reallser  les 

recoapresslons  aaxlaales,  compatibles  avec  l’absence  de  decolleaent  des  couches  llaltes,  c'est-2-dire 
entrafnant  des  pertes  minima  lea.  Le  point  de  fonctlonneaent  r£sulte  alors  du  calcul.  Une  telle  a£thode 
est  utlllsde  classlqueaent  pour  d£flnlr  des  proflls  d'aubes  [3]. 

Egaleaent,  une  technique  du  type  inverse  peraet  de  contrftler  les  caracttrlstlques  de  l'£cou- 
leaent  correspondent  d  une  configuration  blen  deflnle  d' ondes  de  choc,  par  exeaple  d  un  regime  "critique" 
ofl  le  choc  principal  est  sltu£  d  l'entrie  du  dlffuaeur  d'une  prise  d'alr,  ou  du  canal  interaubes  d'une 
grille  de  g*oa£trie  flx£e. 

Cette  communication  propose  une  telle  procedure  pour  le  calcul  d*§couleaents  Internes  transao- 
nlques  avec  ondes  de  choc.  Son  prlnclpe  de  base  conslste  d  aettre  en  oeuvre  dea  algorlthaes  de  couplage 
sp§cialeaent  adapt*®  au  cas  oil  la  position  d'une  des  zones  d* interaction  est  cholale  a  priori.  L**cou- 
leaent  non-vlsqueux  eat  calcuie  d  partlr  dea  equations  d 'Euler  ;  lea  couches  dlsslpatlves  sont  aodeils£es 
par  les  equations  de  Prandtl,  rdsolues  ici  par  differences  flnles.  La  aethode  proposes  generalise  le 
travail  de  CALVERT  [4]  qul  utlllsalt  notamaent  une  a£thode  Integral*  pour  calculer  les  couches  llaltes. 

2  -  PRESENTATION  DE  LA  HETHQDE 


2.1  -  Rea argues  preilalnalres 

Rappel ona  que,  dans  l'approche  couplage,  l'Ccouleaent  consider*  coaae  non  vlsqueux  et  lea 
couches  dlsslpatlves  (couches  llaltes  et  si lieges)  sont  calcults  tour  d  tour  selon  un  cycle  ltdratlf  qul 
dolt  £tre  conduit  jusqu'l  ce  que  les  deux  doaalnes  (non  vlsqueux  et  vlsqueux)  satlsfassent  d  des 
conditions  de  coapatlblllt*  en  tout  point  d'une  surface  de  contrdle  (  £  ).  Dlff (rentes  surfaces  (  £  ) 
peuvent  *tre  adoptees.  Sans  entrer  dans  une  discussion  des  probldaes  de  fond  ddllcats,  que  pose  le  cholx 
de  (  X  ),  diaona  en  r£sua*  que  le  couplage  set  le  plus  souvent  effectu*  : 

-  solt  Is  long  de  Is  frontiers  8  de  Is  couche  vlsqueuse.  Mels  alors,  si  les  equations  de  Prandtl 

(equations  da  la  couche  limits  au  premier  ordre)  sont  utlllsCes  pour  calculer  la  sons  dissipative,  11 
se  asnlfeste  d£a  le  transeonlque  (  £  1,3  pour  Is  plaque  plans  turbulente)  des  coaporteaents 

"supercritiques"  qul  entratnent  de  graves  difficult**  de  alse  en  oeuvre.  Pour  initialiser  une  Inter¬ 
action,  11  faut  alors  laaglnsr  des  "ssuts"  supercrltlque-subcrltlque  totsleaent  dlpourvus  de  signifi¬ 
cation  physique  [5].  Pour  cette  raison.  Is  couplags  sur  8  n'est  plus  gudre  utilise  ; 

-  solt  It  long  de  Is  surfecs  de  dep  1  scans nt  5*  .  C'sst  le  cholx  le  plus  coaauneaent  adopt* ,  aals  11 

conduit  *galeasnt  \  des  probllass  ds  "crltlcit*"  qul  sont  toutefols  reportes  I  des  noabres  de  Mach  plus 
eieves  (  ^  1  pour  la  plaque  plena  turbulente)  ; 

-  solt  sur  la  surface  du  corps  tllr-nins .  L'*cou leaent  non  vlsqueux  eet  alors  prolong*  jusqu'l  Is  parol 
oil  las  effets  vlsqueux  as  tredulssnt  per  une  condition  de  vltesse  de  "transpiration"  Imposes  qul  se 
substltue  2  le  condition  de  glisaeaent  classlque.  Le  couplage  2  la  parol  dllalne  to ta leaent  lea  conpor- 
teaents  supercrltlques  (6].  Toutefols,  11  dsvlent  dlscutsbls  an  css  ds  d*colleasnts  vert ice leaent 
It endue . 
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La  aEthode  interactive  exposEe  ici  utilise  le  couplage  sur  la  surface  de  dEplaceaent  S  . 
L* Equation  de  couplage  exprlae  alors,  pour  le  fluide  parfait,  la  condition  de  gllsseaent  sur  8¥  ■>  Dans 
ce  cas,  (  Z  )  e»t  done  une  ligne  de  courant.  Egalement,  des  grands  dEcolleaents  peuvent  Etre  reprSsentSs 
sans  difficult^  de  principe.  En  revanche,  les  problEaes  de  crlticltE  vont  Etre  rencontrEs  2  partir  de 
M  c:  2,  sauf  adaptations  spEclfiques  de  la  aEthode  de  calcul  de  la  couche  liaite,  par  prise  en  coapte 
des  gradients  de  presslon  noraaux  ( 7  j . 

Avant  d'aborder  la  presentation  des  algorlthaes  Interactlfs  vlsqueux/non  vlsqueux  adoptEs,  11 
convlent  de  prEclser  les  uSthodes  utlllsEes  pour  calculer  les  parties  non  vlsqueuse  et  vlsqueuse  de 
l'Ecouleaent . 

2.2  -  Calcul  de  l'Ecouleaent  de  fluide  parfait 

L'Ecouleaent  transsonlque  de  fluide  parfait  est  aodEllsE  par  les  Equations  d* Euler  dont 
l'eaplol  est  Indispensable  pour  calculer  des  Ecouleaents  internes  bloquEs,  ou  dea  ondes  de  choc  Intenses 
sont  susceptibles  de  se  former.  La  aEthode  de  resolution  est  du  type  pseudo-ins tat lonnalre,  c'est-2-dire 
que  l'enthalpie  d'arrEt  est  supposEe  constante  en  permanence,  condition  qul  n'est  en  rEalltE  satlsfalte 
que  lorsque  l'Etat  stationnaire  est  atteint.  On  economise  alnsl  la  resolution  de  liquation  de 
l'Energie  ;  en  contre  partie,  la  phase  lnstationnalre  du  calcul  est  dEpourvue  de  signification  physique. 
La  technique  nunErlque  est  du  type  differences  flnles  avec  discretisation  dans  le  plan  physique  et  utili¬ 
sation  d'un  schEma  prEdicteur-correcteur  de  Mac  Cormack  (pour  plus  de  details,  voir  la  rEf.  [8]).  Dans  sa 
version  orlginale,  la  aEthode  procEde  en  node  directe,  c'est-2-dire  qu'une  condition  de  gllsseaent  est 
satlsfalte  sur  les  parols  dont  la  forme  est  iaposEe.  ELle  a  etE  Etendue  au  mode  inverse  [9]  de  aanlEre  2 
calculer  des  ecoulements  satlsfaisant  2  une  loi  de  presslon,  IaposEe  le  long  d'une  frontlEre  llbre.  Cette 
deuxlEae  procedure  permet  de  dEflnir  la  gEoaEtrle  des  lignes  de  courant  extrEaes  d'un  canal  devant  rEa- 
liser  des  repartitions  de  presslon  pariEtale  souhaitEes.  En  fait,  le  calcul  peut  Etre  conduit  en  mode 
Inverse  sur  la  totalltE  des  parols  ou  en  partie  seuleaent  avec  passage  d'un  mode  2  1' autre. 

La  rEfErence  [9}  donne  une  application  de  la  procedure  Inverse  2  la  reconstitution  de  l'Ecou- 
leaent  de  fluide  parfait  2  1'lntErieur  d'un  canal  transsonlque,  od  se  prodult  une  Interaction  choc- 
couche  liaite  trEs  intense,  la  donnEe  du  calcul  Etant  2  repartition  expErlaentale  de  la  presslon  pariE¬ 
tale.  Lea  rEaultata  obtenus  reconstituent  parfalteaent  le  champ  et  en  partlculler  l'effet  de  dEplaceaent 
de  la  couche  liaite,  largement  dEcollEe,  est  extrEaeaent  blen  reprodult.  Une  telle  application  prouve  que 
le  concept  de  dEplaceaent  deaeure  valable,  aEae  pour  des  dEcolleaents  trEs  laportants,  ce  qul  justlfle  le 
principe  de  couplage  adoptE  lei. 

2.3  -  Calcul  des  couches  liaites 


II  est  aaintenant  bien  connu  que  le  calcul  d'une  couche  liaite  en  mode  directe,  cest-2-dire  2 
presslon  IaposEe,  devlent  Instable  2  l'approche  d'un  point  de  dEcolleaent  (ou  de  recolleaent) .  Ce  coapor- 
teaent  est  HE  2  1' existence  d'une  slngularltE  se  aanlfestant,  quand  le  frotteaent  parlEtal  s'annule 
[10].  On  Evite  toutefols  ces  dlfficultEs  par  l'adoptlon  d'une  procedure  inverse  consistent  2  laposer  une 
grandeur  reflEtant  1' Evolution  de  la  couche  liaite  :  Epalsseur  de  dEplaceaent  8*  ou  coefficient  de 
frotteaent  parlEtal  Cf  par  exeaple.  La  lol  de  presslon  (ou  de  vltesse  externe)  devlent  alors  le 
rEsultat  du  calcul. 

La  aEthode  utlllsEe  ici  procEde  par  rEsolutlon  des  Equations  de  couche  liaite  locales,  au  aoyen 
d'une  technique  de  differences  flnles  Ill].  La  foraulatlon  adoptEe,  lnsplrEe  de  celle  eaployEe  par  CARTER 
112),  consldEre  coaae  variables  dEpendantes,  le  rotatlonnel,  et  une  fonctlon  de  courant,  dlte  de  "pertur¬ 
bation**,  qul  reprEsente  le  dEfaut  de  dEblt  aasslque  dfl  2  la  couche  liaite.  Les  Equations  sont  discrE- 
tlsEes  selon  un  schEma  fortement  lapliclte  qul  confEre  2  la  aEthode  une  grande  stabllltE,  aEae  en  cas  de 
grand  dEcolleaent.  Le  mode  inverse  peut  procEder  soit  2  8*  solt  2  Cf  laposE.  Un  calcul  2  Cf 

donnE  est  trEs  utile  pour  les  applications  du  type  "conception",  od  11  s'agit,  par  exeaple,  de  dEflnir 
une  compression  f-  (x)  condulsant  au  ralentlsseaent  maximal  que  la  couche  liaite  peut  supporter  sans 
dEcoller.  A  partir  de  la  lol  f-(jc)  alnsl  obtenue,  la  aEthode  de  fluide  parfait  Inverse  brlEveaent 
dEcrlte  ci-dessus  peraet  ensulte  de  dEteralner  la  forme  du  canal  qul  rEallsera  cette  compression.  Pour 
les  applications  "couplage"  od  l'effet  de  dEplaceaent  joue  un  rEle  primordial,  e'est  Evldeaaent  la 
version  2  8  donnEe  qul  est  utlllsEe. 

Pour  les  applications  prEsentes,  1'lntEgratlon  des  Equations  locales  est  conduits  selon  une 
procedure  de  parabolisation  coaplEte  dans  le  sens  aaont-aval.  En  cas  de  dEcolleaent,  une  telle  faqon  de 
fairs  est  en  touts  rlgueur  Inexacte  pulsque,  dans  la  cone  de  reflux,  l'inforaaton  se  transact  de  l'aval 
vers  l'aaont.  En  fait,  l'erreur  entralnEe  est  trEs  falble  si  les  vltesses  de  re tour  deaeurent  aodErEes. 
La  parabolisation  est  alors  effectuEe  en  supposant  nul  le  terms  de  eanvection  correspondent  (approxi¬ 
mation  FLARE  [13]). 

Dans  la  version  actuelle  de  la  aEthode,  le  frotteaent  turbulent  apparent  est  reprEsentE  par  un 
aodEle  algEbrlque  sous  la  forme  [14]  : 

-  e**'  =  a  ■— 

fl 

La  lontuaur  da  allan,a  /  aat  donnt.  par  i 

l*  0,085$  ) 


*t 
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I 


La  f one t ion  d'aaortisseaent  F  est  exprlaEe  sous  la  forme  : 


oil  Z  eat  le  frotteaent  local  total,  soame  des  contributions  lamlnalre  et  turbulent®.  Entre  autrea  avan- 
tagea,  1* introduction  dans  F  du  frotteaent  total  permet  d'Eviter  la  suppression  complete  de  la  coaposante 
turbulence  qul  se  produlralt  au  point  de  dEcolleaent  avec  la  formulation  origlnelle  de  VAN  DRIEST  oft 
e'est  le  frotteaent  parietal  qul  figure  dans  F. 

II  convient  de  souligner  ici,  que  ce  noddle  algEbrlque  a  EtE  proposE  A  l'orlgine  pour  calculer 
des  couches  Hal  tea  soualses  A  des  gradients  de  presslon  aodErEs.  II  n'a  done  pas  la  prEtentlon  de 
s’appllquer  A  des  interactions  trAs  fortes,  oft  la  couche  llaite  subit  une  destabilisation  extrEaeaent 
raplde  sous  l'effet  d’un  gradient  de  presslon  posltif  Intense.  Ce  aodAle  a  EtE  surtout  EtE  cholsl  en 
raison  de  sa  siapllcltE  de  alse  en  oeuvre,  la  prEsente  coaaunlcatlon  Etant  davantage  centrEe  sur  le  dEve- 
loppeaent  d'une  aEthode  de  calcul  pratique  que  sur  l'aspect  aodEllsatloo  physique  des  phEnoaAnea .  L'amE- 
lloratlon  de  ce  second  point  fait  l'objet  des  dEveloppeaents  en  cours. 

2.4  -  Algorlthaes  de  couplage 

Selon  les  doaalnes  d'Ecouleaent  A  calculer  ou  la  nature  des  configurations  A  tralter,  le 
couplage  est  effectuE  par  l'une  ou  1' autre  des  procEdurea  sulvantes  : 

a)  fluide  parfait  direct-couche  Unite  directe 

b)  fluide  parfait  inverse-couche  liaite  inverse 

c)  fluide  parfait  dlrect-couche  .-'aite  inverse. 

Nous  allons  aalntenant  examiner  brlAvement  la  nature  de  ces  dlffErents  procEdEs,  alnsl  que  les 
techniques  numErlques  spEclfiques  A  mettre  en  oeuvre  pour  assurer  la  convergence  de  l'algorlthae  de 
couplage. 


2.4.1  -  Couplage  en  mode  Direct-Direct 

Concernant  ce  mode,  nous  serons  trAs  brefs  etant  donnE  que  son  champ  d'appllcatlon  eat  llaltE 
et  qu'il  ne  soulAve  pas  de  problAmes  partlculiers ,  n  est  utlllsE  pour  calculer  les  Ecoulements  avec 
interactions  visqueuses  dites  "falblea" t  ou  il  n'y  a  pas  de  risque  de  dEcollement  de  la  couche  Unite,  ce 
qul  eat  le  cas  en  anont  de  l'onde  de  choc  oft,  pour  toutes  les  configurations  calculEes,  l'Ecouleaent  est 
accElErE.  Dans  ces  conditions,  les  effets  vlsqueux  jouent  un  rdle  trAa  faible  et  le  calcul  lnteractif 
n'apporte  qu'une  correction  alnlae  A  un  champ  qui  aeralt  pureaent  non  vlsqueux.  La  boucle  de  calcul  est 
schEaatisEe  par  le  diagraaae  ci-*desaous.  La  convergence  du  processus,  tradulte  par  1' invariance  de  la  loi 
de  presslon  parlEtale  Jt(x)  ,  est  extrEmement  raplde  s  trots  A  quatre  cycles  itEratifs  sufflsent. 


2.4.2  -  Couplage  en  mode  Inverse-Inverse 

Cette  technique  est  appllquEe  ici  pour  les  situations  oft  l'orlgine  de  1* Interaction, 
c 'est-A-dlre  le  point  oft  la  preaalon  parlEtale  se  aet  A  croftre,  est  fixEe  a  priori.  Le  cycle  ltEratlf 
est  schEaatlsE  par  le  diagraaae  ci-dessous  : 


Partant  d'une  diatrlbution  donnEe  6  (x)  ,  le  calcul  de  couche  liaite  Inverse  fouralt  une 
rlpartltlon  de  presslon  fUx)  *  A  partir  de  celle-ei,  le  calcul  inverse  de  fluide  parfait  permet  de 
dEterainer  le  champ  coaplet  de  l'Ecouleaent  et,  en  partlculler,  la  gioaEtrle  de  la  llgne  de  courant  sur 
laquellc  cat  iaposEc  la  lol  fi(x)  *  L'Ecart  Ah  entre  cette  llgne  et  la  parol  aatErlelle  reprEsente 
une  nouvelle  estimation  de  I'Epalaaeur  de  dEplaceaent  qul,  aprAa  sous  relaxation,  est  rElnjectEe  dans  le 
cycla  ltEratlf* 


. 
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Dans  le  cas  present,  la  nAcessltA  d'une  sous  relaxation  s'expllque  clsi remen t  si  l'on  consld2re 
dans  le  plan  (  Mt  ,  o  ),  <  Mt  1*  noabre  de  Mach  local  2  la  frontlire  de  la  couche  llalte)  les 
" courbes  de  rAponse"  respect Ives,  du  flulde  parfalt,  et  de  la  couche  llalte  en  un  point  du  aalllage  de 
calcul  sltuA  sur  la  surface  de  dAplaceaent  $*(*)  (voir  fig.  1).  Le  point  P  d* Intersection  de  ces  deux 
courbes  eat  1* Image  de  l'Atat  converge  vis£.  DAslgnons  par  mpp  (Flulde  Parfalt)  et  mCi  (Couche 
Llalte)  les  pent e s  de  chacune  des  courbes  de  rAponae  en  P.  Moyennant  une  linearisation  au  vois Inage  de  P, 
un  ralsonneaent  simple  montre  que  1* Iteration  de  point  fixe  converge  vers  P,  2  condition  que  le  coef¬ 
ficient  de  relaxation  CJ  solt  tel  que  : 


6J  <  ZmFP 

771 FP  -  171 CL 

On  peut  done  assurer  la  convergence  de  1* Iteration  et  l'optlalser  en  Avaluant  <J  au  aoyen  de 
la  relation  cl-dessus.  Pour  cela,  2  chaque  cycle  ltAratlf,  les  pentes  mFP  et  mCL  sont  estiaAes  de  la 
aanlAre  sulvante. 

Pour  le  flulde  parfalt,  on  suppose  que  l'Acouleaent  dans  le  canal  s'effectue  par  tranches 
planes.  Alors,  la  conservation  du  dAbit  conduit  2  la  relation  (thAorAae  d'Hugonlot)  : 


mFP.Ji 1  =  AJL 

od  A  dAslgne  la  section  drolte  locale  du  canal  et  MFp  le  noabre  de  Mach  aoyen  dans  cette  section. 

La  pente  mCL  relative  2  la  couche  llalte  est  AvaluAe  2  partlr  de  1' Aquation  Integral*  de 
Von  Karaan  o{i  le  frotteaent  parlAtal  est  nAgllgA  ;  solt  : 


dx  1  +  nt 


1 


dHt  n 

dx 


6  represents  1' tpalaaeur  de  quentltd  de  eouvesent  et  l'on  e  post  :  mt  m  JizL  Hc 

,*  ,  * 
Adoptant  la  relation  approchbe  =  H  x  Hi  t  ot 

incoapreaalble ,  11  vieot  :  6 


oQ  Hi  est  le  paraadtre  de  forae 


(1) 


dS* 

dMe 


Jl  [ 

fle  l  H 


-1—  (H*2-tC)l 

It  iris  J 


La  valeur  de  H  eat  fournle  par  le  calcul  de  couche  llalte,  oL  Ctant  prla  bgal  i  0,1. 

II  seralt  probableaent  prbfbrable  d'utlllaer  localeaent  le  coefficient  de  relaxation  optlaal 
adapts  A  chaque  point  de  contrdle  altu(  sur  la  aurface  de  coup lag..  Toutefols,  dana  lea  appllcatlona 
prbsentbes  cl-apris,  la  plue  falble  valeur  trouvte  pour  4J  a  ftC  appllqube  1  toua  les  polnta  de 
calcul.  Elle  correspond  d'allleura  1  la  dernlire  station  aval  de  la  rfgion  subsonlque. 

Le  cycle  ltbratlf  de  couplage  "fort"  eat  Initialise  en  ae  donnant  une  repartition  S*(x) 
arbltralre  depula  le  point  d'absclsse  Xt  ,  cholsl  comma  origins  de  1* Interaction.  L'Ctat  de  l'fcou- 
lenent  en  aaont  de  X„  rdaulte  du  couplaga  "falble*,  pratlquC  aelon  la  adthoda  Direct-Direct  (voir 
paragraphs  2.A.1  cl-dessus).  II  eat  evident  que  le  processus  ltdratlf  eera  accClCrC  al  l'on  part  d'un 
"prbdlcteur”  S*(x.)  pea  trop  Slolgnb  da  la  solution  converges.  Four  cela ,  lea  correlations  expCrlMentales 
peuvent  servlr  de  guide  (IS).  Nbanaolns,  afln  d'Cprouver  la  robusteeae  de  la  adthode ,  un  calcul  a  CtC 
effectub  en  jartant  d'une  evolution  S'(x)  cholsl.  volontalraaent  peu  realists.  Les  distributions  eucces- 
alves  de  S  (z)  tracCea  figure  2  none rent  une  convergence  rapids  dee  cycles  itCratlfa.  Ces  resultata 
sont  relatlfs  1  la  preallre  dea  appllcatlona  prCeentCes  paragraphs  3.2  cl-deesous. 

2. *.3  -  Couplage  en  node  Direct  -Inverse 

Le  aCthode  du  type  Inverse-Inverse  set  asset  llaltatlve  en  cs  sens  qu'elle  ne  peraet  de  tralter 
qu'une  eeule  Interaction  dont  1* origins  eat  finds.  C'est  par  exaaple  le  cas  d'un  profil  avec  un  choc  A 
l'axtrados  ou  celul  d'un  canal  tranaaonlque  svadtrlque  travarad  par  une  eeule  onda  de  choc.  Dans  la  rba- 
lltb,  blen  str,  las  canaux  lnteraubes  aont  dltayadtrlques  et  a'll  eat  toujoura  possible  de  cholslr  l'orl- 
glna  da  l'lnteractlon  sur  une  dea  parols,  la  position  de  l'lnteraetlon  sur  la  parol  falsant  face  dbpend 
de  tout  1 ’ be ou lament ,  c'eat-A-dlre  de  la  solution  alia  odea.  Son  Mtplecemenc  dolt  done  demeurer  libra,  11 
na  sera  ddflnl  qu'l  convargenca  du  calcul. 
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La  aAthode  peraettant  de  calculer  1* Interaction  dlte  "libra"  eat  analogue,  dane  son  prlncipe,  2 
celle  utillsAe  pour  lea  Acouleaenta  tranasonlques  autour  de  profile  d'alles  [16].  II  a'aglt  d'une  proce¬ 
dure  Directe-Inveree  dont  1' algorithms  d' Iteration  eat  schAaatisA  cl-deeaoua  : 


Partant  d’une  distribution  S  (x.)  ,  on  effectue  :  un  calcul  de  flulde  parfalt  en  node  direct, 

qul  donne  une  repartition  de  noabre  de  Mach  (: t)  aur  la  surface  de  dAplaceaent:  et,  par^llAleaent ,  un 

calcul  de  couche  Unite  Inverse  condulaant  3  une  lol  Hc(x)  dlffArente,  sauf  3_  convergence  oA 
Me(x)  a.  Me(x)9  ProcAdant  conae  le  fait  CARTER  (17],  A  partlr  de  l'erreur  AMg=.  t1e(x)~  Me(x)  une 
correction  Ac*  eat  evaluAe  au  noyen  de  la  foraule  1  ci-dessus.  L' experience  aontre  que  le  calcul 
converge  sans  relaxation,  A  condition  toutefols  d'opArer  un  llssage  convenable  de  la  nouvelle  lol  $  (x) 
obtenue,  surtout  dans  la  region  correspondent  A  des  noabres  de  Mach  trAa  lAgAreaent  supersonlques . 

3  -  APPLICATIONS  DE  LA  METHODE  ET  COMP ARAI SONS  A  L' EXPERIENCE 


3.1  -  Conditions  expAriaentales 

La  aAthode  de  couplage  a  AtA  appllquAe  aur  des  configurations  dont  certalnes  ont  fait  l'objet 
d'expAriencee  trAs  dAtaillAes  [18].  Cellea-ci  ont  AtA  effectuAes  dans  un  canal  transsonlque  bidiaen- 
slonnel  (soufflerle  S8Ch  de  l'ONERA)  reprAsentA  achAaatiqueaent  figure  3.  La  soufflerle  est  alimentAe  en 
contlnu  avec  de  l'alr  ataosphArlque  dAssAchA,  les  conditions  gAnAratrlces  Atant  les  sulvantea  : 
presslon  fl[  -  95  k  Pa,  teapArature  ^  -  300  K.  La  velne  d'essai  a  une  envergure  de  120  mm  et  une 
hauteur  A  1'entrAe  de  100  am.  Elle  est  AqulpAe  de  blocs  tuyAre,  ou  blen  de  bosses,  lnterchangesbles  de 
manlAre  A  produlre  des  Acouleaents  lAgAreaent  supersonlques.  Un  deuxiAae  col  de  section  rAglable,  dlsposA 
en  aval  du  canal,  crAe  une  onde  de  choc  par  effet  de  blocage.  II  peraet  Agaleaent  d'laoler  l'Acouleaent 
analysA  des  perturbations  engendrAes  dans  les  canalisations  aval.  Les  interactions  choc-couche  lialte 
AtudlAes  se  produlsent  sur  les  parols  haute  et  basse  du  canal,  un  peu  avant  la  fin  de  la  partle  diver- 
gente  supersonlque,  de  aanlAre  A  ce  que  l'onde  de  choc  aolt  blen  stable. 

Lea  couches  dlsslpatlves  en  Interaction  ont  AtA  explorAes  trAs  solgneuseaent  au  aoyen  d'un 
vAlocinAtre  laser  bldlrectlonnel.  II  a  AtA  alnsl  possible  de  dAteralner  les  profils  de  vltesse  de  la 
couche  lialte  avec  une  grande  prAclsion,  a£ae  dans  les  zones  dAcollAes.  Les  rApartitlons  de  presslon 
. arlAtale  ont  Agaleaent  AtA  aesurAea. 

3.2  -  Applications  A  des  canaux  syaAtrlques 

Quand  le  canal  est  syaAtrlque,  11  Buff  It  de  calculer  l'Acouleaent  dans  une  des  aoltlAs  du 
canal.  Le  doaaine  de  calcul  eat  alors  llaitA  par  la  parol  aur  laquelle  1' interaction  se  prodult  et  le 
plan  de  syaAtrle,  qul  se  coaporte  conae  une  parol  aans  couche  lialte,  oA  une  condition  de  gllsseaent  est 
appllquAe.  Pour  toutes  les  configurations  envlsagAes,  un  calcul  est  d'abord  effectuA  pour  le  canal  entlA* 
reaent  aaorcA  en  supersonlque.  Les  effets  viaqueux,  qul  se  tradulsent  par  une  Interaction  du  type 
"falble",  sont  prls  en  coapte  par  la  procAdure  Directe-Directe  dAcrite  plus  haut  (voir  paragraphs  2.4.2 
cl-desaua).  Ce  calcul  fournlt  les  conditions  lnltlsles  A  l'sbscisse  x0  choisle  conae  origins  de 
1' interaction  avec  choc.  Le  processus  est  aaorcA  conae  indlquA  plus  haut,  le  couplage  utlllsant  alors  le 
node  Inverse-Inverse . 

La  prealAre  interaction  calculAe  a  lieu  dans  une  tuyAre  symAtrlque,  conque  pour  produlre  un 
Acouleaent  supersonlque  uni  forme  de  noabre  de  Mach  nominal  Agal  A  1,4.  Le  dibut  de  1*  Interaction  ant 
cholal  A  une  absdese  oft  le  noabre  de  Mech  !%0  A  la  front iAre  da  la  coucha  lialte  eat  Agal  A  1,28,  ca 
qul  eat  un  peu  en  daqft  de  la  Halts  expArlaentale  de  dAcolleaent  nalssant  en  pled  de  choc  [19].  Lee 
llgnee  isoberee  du  flulde  perfeit  obtenues  aprAs  convergence  eont  reprAsenties  figure  4.  La  ripartltlon 
du  noabre  de  Mech  est  eracAe  figure  5  et  cellea  des  grandeurs  relatives  A  la  couche  lialte  :  &*  , 

0  ,  Cf  •  t  Hi  (paramitre  de  fane  lncoepr.eelble)  flguree  6e  et  6b.  Le  calcul  eat  en  ivld.nc. 
un  trie  Itger  dtcol lament ,  qul  e*t  d'allleure  1  la  lialte  de  ce  qul  eat  exptrlmentalement  dicalable.  II 
n'y  a  pat  pour  ce  cat  de  coaparalaon  avec  del  matures,  lea  conditions  lnltlalee  du  calcul  ne  corraa- 
pondant  pea  exactement  I  une  configuration  experiment a la. 

Le  dauxltme  exemple  eat  relatlf  1  une  tuyirt,  tou Jours  aymftrlque,  dont  le  nombra  da  Kach 
nominal  eat  da  1,6.  L' Interaction  eat  Inltlallata  1  une  atatlon  ofl  Hc0  -  1,46  ca  qul  dolt  condulre  1  la 
formation  d'un  dbcollament  franc.  Icl,  laa  condltlona  de  calcul  coincident  avec  un  cat  analyat  axptrlaen- 
talement.  La  figure  7  donne  la  tract  dea  leobarea  de  l'6coulement  de  fluids  parfalt  at  laa  figures  8  at  9 
laa  distributions  da  Mt  ,  S*  ,  6  ,  Cf  at  Hi  .  L'fvolutlon  calculia  da  Cf  confirms  la 
formation  d'un  dfcollement  aasaa  ttandu.  Comma  le  aontre  la  figure  8,  la  calcul  conduit  8  une  compression 
trop  forts,  conatquanca  de  l'utlllaatlon  d'un  aodlla  da  turbulence  trop  "eimpliete" .  Ntanaolns,  l'allura 
gfntrale  du  phtnomdne  eat  correctanent  reproduite  par  la  calcul. 


mtSZZZ. - " 
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Le  dernier  exemple  de  canal  symEtrlque,  correspond  2  une  interaction  encore  plus  Intense  pour 
laquelle  Mg*  »  1,55.  Elle  se  prodult  dans  la  *2**  tuyEre  que  1' exemple  prEcEdent.  Les  rEsultats  de  ce 
calcul  sont  donnEs  figures  10  2  12  (aucune  experience  n'Etait  dlsponlble  pour  ce  cas).  On  remarquera 
1* Importance  accrue  de  1' Interaction,  qul  entrains  un  large  dEcollement  de  la  couche  limits.  Le  champ  des 
Isobares  (voir  fig.  10)  met  en  Evidence  une  "langue  super sonlque**,  Incluse  dans  le  champ  aval  subaonlque. 
Ce  phEnomEne  est  souvent  observE  dans  les  interactions  choc-couche  limlte  en  tranasonlque  ElevE  [20], 
sans  que  son  caractEre  de  gEnEralitE  pulsse  Etre  Etabli. 

3.3  -  Application  2  un  canal  dissyaEtrique 

La  parol  infErleure  du  canal  comporte  lcl  une  "boase”  de  286  mm  de  long  sur  12  mm  d'Epalsseur. 
La  parol  supErieure  est  rectlllgne.  Les  conditions  expErimentales  sont  telles  que,  sur  la  parol  InfE- 
rleure,  le  dEbut  de  1* interaction  se  prodult  pour  un  noabre  de  Mach  Mt0  m  1,37.  II  y  a  alors  dEcollement 
de  la  couche  limlte  avec  formation  d'une  sone  dEcollEe  tr2s  Etendue,  en  raison  du  contour  de  la  parol. 

AprEs  l'Etape  prEllmlnalre  en  mode  Direct-Direct,  le  calcul  est  effectuE  en  faisant  colnclder 
l’orlgine  de  1'lnteractlon  sur  la  parol  InfErleure  avec  1'expErience.  Le  mode  Inverse-Inverse  est  utlllsE 
le  long  de  la  parol  basse  et  le  mode  Direct-Inverse  sur  la  parol  haute,  oft  la  sone  d* interaction  doit 
demeurer  libre  (voir  paragraphe  2.4.3  ci-dessus).  La  figure  13  montre  les  distributions  de  presslon  sur 
les  parols  haute  et  basse,  2  1' initialisation  du  calcul,  et  aprEs  convergence.  On  notera  le  dEplacement 
vers  l'amont  du  dEbut  de  1'lnteractlon  haute  alnsi  que  la  dlsparltlon  des  oscillations  prEsentes  au 
dEpart.  La  figure  14  donne  le  tracE  des  isobares  du  champ  non  visqueux.  Les  comparalsons  thEorle-  expE- 
rlence  sont  prEsentEes  figures  15  2  18.  Le  calcul  conduit  2  une  trEs  bonne  simulation  de  I'Ecoulement 
tranasonlque  et  des  deux  Interactions  dont  11  est  le  slEge.  L' accord  quantitatlf  est  raisonnable  malgrE 
1 ' Inadaptation  du  aodEle  de  turbulence  utlllsE  lcl.  Celul-cl  surestlme  les  forces  vlsqueuses 
(c'est-2-dire  la  tension  de  clsallleaent  turbulente),  d'oO  une  trop  grande  "raldeur"  de  la  couche 
Unite  ;  ceci  se  traduit  par  une  surest last Ion  des  recompressions,  et  une  sous-estlmatlon  de  l'Epalssis- 
sement  et  de  la  dEstabillsatlon  de  la  couche  limlte. 

4  -  CONCLUSION 


L'approche  couplage  flulde  parfalt-f luide  visqueux  permet  une  prEvlslon  trEs  rEallste  des  Ecou- 
lements  Internes  supersonlques  et/ou  transsonlques ,  slEges  d' interactions  visqueuses  fortes.  La  mEthode 
proposEe  procEde  par  couplage  entre  un  flulde  non  visqueux,  satisfaisant  les  Equations  d'Euler,  et  des 
couches  dlssipatives  dEcrltes  par  les  Equations  de  Prandtl  qul  sont  rEsolues  lcl  selon  un  schEma  aux 
dlffErences  flnles.  Les  conditions  de  couplage  sont  exprlmEes  sur  la  surface  de  dEplacement.  Des  exemples 
d'Ecoulements  transsonlques  avec  chocs  Intenses  et  dEcollements  sont  traltEs.  La  mEthode  est  essentlel- 
lement  basEe  sur  un  algorlthme  Interact if  en  mode  Inverse-Inverse  qul  permet  de  cholalr  l'orlglne  de 
"1' interaction**,  c'est-2-dire  en  gros  la  position  du  choc.  Le  niveau  de  presslon  aval,  alnsl  que  les 
pertes  par  effets  dlsslpatlfs  rEsultent  du  calcul  ltEratlf.  La  mEthode  inclut  Egalement  un  algorlthme 
Direct -Inverse  (ou  Sen  '.-Inverse)  pour  tralter  le  cas  gEnEral  des  canaux  dlssymEtrlques .  En  effet  11  n'est 
possible  d* adopter  le  aode  Inverse-Inverse  que  sur  une  seule  parol. 

Les  applications  effectuEes  montrent  que  la  mEthode  possEde  de  bonnes  quail tEs  de  convergence 
et  constltue  de  ce  fait  un  "outll**  Economlque  pour  calculer  des  Ecoulements  Internes  complexes  comportant 
des  interactions  avec  dEcollement  Etendu.  La  structure  des  champs  calculEs  reflEte  fldElement  la  rEalltE 
expErlmentale  ;  nEanmoins  1' accord  quantitatlf  n'est  pas  encore  plelnement  satisfaisant  en  raison  du 
caractEre  trop  rustlque  du  modEle  de  turbulence  utlllsE  dans  la  version  actuelle  de  la  mEthode.  La  modE- 
llsation  de  la  turbulence  dans  les  Interactions  choc-couche  limlte  est  en  fait  un  problEme  trEs  complexe 
qul  est  encore  loin  d'Etre  totalement  rEsolu.  Les  Etudes  de  base  en  cours,  2  l'ONERA  en  partlculler  [21], 
devralent  toutefols  permet tre  des  progrEs  substantlels  dans  un  proche  avenlr. 


REFERENCES 


[1]  -  CAHBIER  L..  CHAZZI  W. .  VEUILLOT  J.P.  et  VIVIAMD  H. 

Une  approche  par  domalnes  pour  le  calcul  d'Ecoulements  compressible*.  5 Erne  Colloque  International 
sur  les  MEthodes  de  Calcul  Sdentlfique  et  Technique,  INRIA,  1981,  TP-ONERA  n*  1981-143. 

[2]  -  LB  BALLEUR  J.C. 

Numerical  visdd-lnvlacld  Interaction  In  steady  and  unsteady  flows.  2nd  Symposium  on  Numerical  and 
Physical  Aspects  of  Aerodynamics  Flows,  California  State  University,  Long-Beach,  1983,  2  parattre 
ches  Springer-Verlog. 

[3]  -  LE  FOLL  J. 

Inverse  method  for  optimised  blading  calculations.  Transonic  flows  in  axial  turbomachinery,  V.K.I. 
Lecture  Series  84,  february  2-6  1976. 

[4]  -  CALVERT  W.J. 

An  invi acid-viscous  interaction  treatment  to  predict  the  blade- to-blade  performance  of  axial 
compressors  with  leading  edge  normal  shock  waves.  ASME  Paper  82-CT-135,  1982. 

[5]  -  CBOCCO  L. 

Condi derations  on  the  shock/ boundary  layer  Interaction.  Proc.  Centennial  of  Brooklyn  Polyt.  Inst., 
1954. 

[6]  -  LE  BALLEUR  J.C. 

Couplage  vlsqueux-non  visqueux  t  analyse  du  problEme  Incluant  dEcollements  et  ondes  de  choc.  La 
Recherche  AErospatlale  n#  1977-6,  pp.  349-358,  1977. 


7-8 


[7]  -  CARRIERS  P.,  SIRIEIX  H.  et  DELERY  J. 

Mtthodes  Secalcul  del  bcoulements  turbulent*  dtcollie  en  supersonique.  Progress  In  Aerospace 
Sciences,  vol.  16,  n*  4,  pp.  385-429,  1975. 

[8]  -  V IV I AND  H.  et  VEUILLOT  J.P. 

Mtthodes  peeudo-inststlonnaires  pour  le  cslcul  d'icoulements  trsnssonlques.  Publication  ONERA 
n*  1978-4,  1978. 

[9]  -  HEAUZE  .0 

fifthode  de  cslcul  inverse  pseudo-lnstatlonnalre.  La  Recherche  Atrospatiale  n*  1980-1,  pp.  23-30, 
1980. 

[10]  -  GOLDSTEIN  S. 

On  laainar  boundary  layer  flow  near  a  position  of  separation.  The  Quaterly  Journal  of  Mechanics 
and  Applied  Matheaatlcs,  vol.  1,  part.  1,  pp.  43-69,  1948. 

[11]  -  DELERY  J.  et  LE  BALLEUR  J.C. 

Interaction  et  couplage  entre  tcoulement  de  flulde  parfalt  et  tcoulenent  vlsqueux.  ONERA  ESP  n* 
4/3073,  1980. 

[12]  -  CARTER  J.E. 

On  inverse  solutions  for  laminar  boundary  layer  flows  with  separation  and  reattachment.  NASA  TR  R4*»7 
1975. 

[13]  “  REYHNER  T.A.  et  FLUCCE-LOTZ  I. 

The  Interaction  of  a  shock  wave  with  a  laminar  boundary-layer.  Int.  Journal  of  Non-Linear  Mech., 
vol.  3,  n“  2,  pp.  173-199,  1968. 

[1*1  -  MICHEL  R.,  QUEMARD  C.  et  DURANT  R. 

Application  d'un  schtaa  de  longueur  de  mtlange  amtllort  A  l'ttude  des  couches  Unites  d'tqulllbre. 
ONERA  NT  154,  1969. 

I15)  ~  SIRIEIZ  M.  DELERY  J.  et  STANEWSKY  E. 

High  Reynolds  number  boundary- layer/shock  wave  Interaction  In  transonic  flows.  Lecture  Notes  In 
Physics,  vol.  148,  pp.  149-214,  Springer  Verlag,  1981. 

[16]  -  LE  BALLEUE  J.C. 

Couplage  vlaqueux-non  vlsqueux  ;  nfthode  numfrique  et  application  aux  tcoulements  bldlmenslonnels 
trsnssonlques  et  supersonlques.  La  Recherche  Airoapatlale  n*  1978-2,  pp.  67-76,  1978. 

[17]  -  CARTER  J.E. 

A  new  boundary-layer  Interaction  technique  for  separated  flows.  AIAA  Paper  n*  79-1450,  1979. 

[18]  -  DELERY  J. 

Investigation  of  strong  shock/ turbulent  boundary-layer  Interaction  In  2-D  transonic  flows  with 
emphasis  on  turbulence  phenomena.  AIAA  Paper  n*  81-1245,  1981  et  AIAA  Journal,  vol.  21,  n*  2, 
pp.  180-185,  1983. 

[19]  -  DELERY  J. 

Some  feetures  of  transonic  shock  wsve/turbulent  boundary- layer  Interaction.  VKI  LS  1980-8  on 
"Shock  boundary-layer  Interaction  In  turbomachlnas",  1980. 

[20]  -  SEDDOH  J. 

The  flow  produced  by  Interaction  of  a  turbulent  boundary-layer  with  a  normal  shock  wave  of 
strength  sufficient  to  cause  separation.  ARC  RAM  3502,  1967. 

[21]  -  DELERY  J.  et  VEUILLOT  J.P. 

Recherches  exptrlmentales  et  thtorlques  sur  la  turbulence  dans  les  Interactions  choc-couche  Unite 
en  transsonlque.  Symposium  IUTAM  on  "Structure  of  Complex  Turbulent  Shear  Flows",  IMST,  Marseille, 
1982. 


CasdaIMM 


parfalt 


Fit.  I  -  Imtgtdt  I'Mntbn eh  eoupkgt hmm ttmm tn  un 
point  du  tmHlag$. 


6* 


*S*t  *a 


■Bg»  bt  ittntim  *  emit? 


\  irtTKti—  fu'Wllwin  mmtm) 

■will  X.  4t  ruurKtiM  firt>  ^ 


Fig.2-E  volution  dt  It  repartition  B'(X)tu  count  dtt  iterations 
dt  coopltgt. 


at  reliable 


Fig.  3  -  Infractions  choc  couch e  limif  dans  un 
cant!  transsonique.  Disposin'!  experimental. 


Debut  de 
I'  interaction 


'  Plan  de  symetrie 


Ligne  de  caerantdonn6e  par 
lecalcul  fluide  parfait  inverse  . 


Paroi  infirieure  de  la  tuyere 


Epaineur  de  d*placement  &* 


Fig.  4  -Champ  das  isoberet .  Cat  M  =  1J8. 


eek  Unct.Dtnn 


.  «Hj(n  X.  b  rMmclin 


Fig.  6  -  Interaction  i  la  pent  d'un  cane i  symitrique. 
Cat  m  1^28.  Nombrt  de  Mach  t  la  frontiers  dt  la 
coucha  limif. 


flat*  fjrfjH 


t*e  btsai 


CatUwaX, 

1.20 

61.0,406. 

ei.o.rai. 

Hw-IM 


,e 


•  fftpriMc* 


//tf/ltl/llir, 


Fig.  11  -  Infraction  i  It  parol  d\m  anal  cymitriqu*. 
C*t  UH-  1,66.  Nombn  d*  the fi  *  It  front  Hr*  d*  I* 
couch*  limit*. 


Fig.  14  -  Canal  dittymitriqut.  Champ  d’itobam. 


7-15 


DISCUSSION 


W.J.Calvert.  UK 

For  the  symmetrical  calculation  with  M =  1.44  (Fig.  7-9),  you  attribute  the  discrepancy  between  the  measured 
and  predicted  Mach  numbers  to  the  turbulence  model  in  the  viscous  calculation.  Since  the  calculated  distribution 
of  5*  agrees  well  with  the  test  data,  surely  the  inviscid  part  of  the  calculation  must  also  be  somewhat  in  error. 

Rlponse  d’Auteur 

L’dcoulement  en  aval  de  ('interaction  etant  transsonique,  le  niveau  des  pressions  et  des  nombres  de  Mach  est 
extremement  sensible  a  une  Mgere  variation  de  la  section  offerte  au  fluide  et  done  de  I’epaisseur  de  deplacement. 

En  particulier,  comme  le  suggere  M.  Dunham,  1’effet  des  couches  limites  parie  tales  et  tr4s  important  sur  cette  re  parti 
tion  de  pression. 


K.Papailiou,  Gr 

(1 )  The  amount  of  artificial  viscosity  influences  the  width  of  the  calculated  shock  wave.  Does  this  situation 
influence  the  final  boundary  layer  calculation  results? 

(2)  On  which  factor  do  you  attribute  the  discrepancy  between  calculation  and  experiment?  The  luck  of  using 
Navier-Stokes  equations  or  the  turbulent  model  used? 

Reponse  d’Auteur 

(1 )  Effectivement  la  viscosity  artificielle  a  un  effet  sur  l’gpaisseur  du  choc,  qui  reste  cependant  moderie  de  I’ordre 
de  3  a  4  mailles.  Par  contre  l'effet  devient  tout  4  fait  nggligeable  au  niveau  de  l’interaction  avec  la  couche- 
limite  grace  a  I’etalement  de  la  repartition  de  pression.  Je  rappelle  en  outre  que  d’une  fa?on  generate,  la  viscosite 
artificielle  a  un  effet  sur  I’entropie  presque  exclusivement,  et  pratiquement  aucun  sur  la  pression  statique. 

(2)  le  reste  convaincu  que  les  ecarts  avec  l’experience  sont  dus  4  la  trop  grande  simplicite  du  schema  de  turbulence 
utilisee  et  cela  pour  3  raisons: 

-  les  auteurs  de  la  Ref.  [  1 1  ont  effects  un  calcul  Navier  Stokes  avec  le  mfme  schema  de  turbulence,  pour 
une  configuration  tout  4  fait  analogue  4  la  premiere  presentee  ici.  11  apparait  que  les  resultats  sont  tout  4 
fait  comparables  et  en  particulier  que  le  gradient  de  pression  transversal  dans  la  couche  visqueuse  et  tr4s 
faible. 

-  je  rappelle  un  calcul  presente  en  [9]  qui  consiste  4  imposer  la  repartition  de  pression  experimentale  au  fluid 
parfait  en  mode  inverse.  L’evolution  de  l'epaisseur  de  deplacement  que  I’on  en  deduit  est  parfaitement 
comparable  4  celle  mesuree. 

-  si  Ton  introduit  comme  donn4e,  la  repartition  de  5*  experimentale  pour  le  calcul  de  couche  limite  inverse 
on  retrouve  l’ecart  sur  revolution  de  nombre  de  Mach;  Si  Ton  effectue  le  meme  type  de  calcul  avec  un 
schema  de  turbulence  plus  eiabore,  l'ecart  diminue  considerablement. 


i. Dunham,  UK 

I  wonder  if  the  discrepancy  between  measur'd  and  calculated  Mach  numbers  after  the  shock  may  perhaps  be  due  to 
shock-induced  separations  on  the  side  walls? 

Reponse  d’Auteur 

Je  suis  tout  4  fait  d’accord.  Malheureusement  les  mesures  effectuees  ne  permettent  pas  de  chiffrer  l’effet  lie  au 
developpement  des  couches  limites  parietales. 
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RESUME 


Dans  les  grilles  d’aubes,  la  faible  epaisseur  physique  des  couches  limltes, 
due  aux  dimensions  generalement  r€duites  des  maquettes,  rend  dtllcates  les  mesures 
permettant  d'accgder  aux  grandeurs  caract^rlstlques  de  la  couche  visqueuse.  Afin 
d'avoir  une  estimation  de  l'effet  de  dfcplacement  et  d'Svaluer  1’ importance  de  l'lnter- 
action  entre  les  chocs  et  les  couches  Unites,  on  utilise  une  m&thode  de  calcul 
pseudo-instationnaire  en  mode  inverse  pour  reconstltuer  par  le  calcul  l'§coulement 
dans  le  canal  lnter-aubes  A  partlr  du  relev§  de  la  pression  statique  sur  le  profll. 

On  pr£sente  dans  1' expose  le  principe  et  les  limltes  de  cette  m&thode  d* ana¬ 
lyse,  ainsi  que  des  comparaisons  entre  les  r£sultats  du  calcul  et  des  mesures  fines 
effectufees  dans  le  canal.  On  aborde  en  outre  1* aspect  purement  experimental  : 
techniques  utilises  pour  rSgler  et  contrAler  1' §coulement ,  et  techniques  de  mesure. 


ABSTRACT 


The  small  physical  thickness  of  cascades  boundary  layers,  due  to  the  usually 
small  dimensions  of  the  test  models,  makes  it  difficult  to  measure  the  characteristic 
parameters  of  the  viscous  layer.  In  order  to  estimate  the  displacement  effect  and  to 
evaluate  the  Importance  of  the  shock-boundary  layer  interactions,  a  time-marching 
computation  method  Is  used  In  inverse  mode  to  reconstitute  the  flow  in  the  channel 
from  static  pressure  plot  on  the  blade. 

In  the  paper,  the  principle  and  the  limits  of  this  method  of  analysis  are 
presented,  as  well  as  comparisons  between  the  calculation  results  and  detailed  measu¬ 
rements  carried  out  within  the  channel.  Furthermore,  the  purely  experimental  aspect  Is 
taken  up  :  techniques  used  to  adjust  and  control  the  flow,  and  measurement 
techniques. 


1  -  INTRODUCTION 


Des  progris  considerables  dans  les  recherches  de  profile  optimists  destints  aux  roues  de 
compresseurs  axlaux  ont  tti  rendus  possibles  ces  derniAres  anntes  par  le  dtveloppement  des  mtthodes  de 
calcul. 


Mala  le  recours  A  1' experience  reste  Indispensable  pour  verifier  le  Men-fondt  des  diffe¬ 
rences  approches  utlllstea,  surtout  lorsque  l’on  souhalte  reprtsenter  par  le  calcul  le  comportement  du 
flulde  vlsqueux. 

Afln  d'ttabllr  des  comparaisons  slgnlf lcatives  entre  les  rtsultats  des  calculs  et  les  mesures, 
les  mtthodes  exptrimentales  se  sont  done  vues  contralntes  de  fournir  des  Informations  de  plus  en  plus 
dttalliees  at  dtllcates  A  obtenlr. 

A  la  fin  d'une  campagne  d'easals,  on  se  trouve  devant  un  volume  parfols  Important  de  donntes, 
dont  11  convlent  en  premier  lieu  de  verifier  la  coherence  globale.  Ensulte  tout  traltement  d’une  partle 
de  ces  donntes  permettant  de  rtdulre  les  mesures  ntcessalres  sera  le  blenvenu,  car  11  permettra  de 
dimlnuer  I  la  fols  la  durte  et  le  coflt  des  campagnes  ulttrleures. 

Cat  article  prisente  une  mtthode  permettant  de  reconstltuer  1’tcoulemeut  dans  un  canal  inter- 
aubes  d’une  grille  supersonlque  A  partlr  du  simple  relevt  de  la  pression  statique  sur  1'extrados  et 
l'lntrados  du  prof 11.  Des  comparaisons  sont  faltes  entre  le  champ  de  pression  reconstltut  et  le  champ  de 
pression  rtel,  explore  grtce  A  une  sonde  A  5  trous  miniature.  On  verra  aussl  comment  11  est  possible 
d'estlmer  l’effet  de  dtplacement  de  la  couche  visqueuse  et  d'lvaluer  1* importance  de  l’lnteractlon 
choc-couche  limits. 
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2  -  ASPECTS  EXPERIMENTAL  DU  PROBLEME 

2.1  -  Revue  des  prlncipales  difficult^s  exp^rlmentales 


D3s  que  X*on  souhalte  obtenir  des  Informations  trSs  detaillees  sur  l'ecoulement  dans  une 
grille  d'aubes,  des  difficult^  expgrlmentales  apparalssent.  Le  centre  de  ces  dlfflcultSs  est  la  petite 
taille  des  maquettes  couramment  utilisees. 

La  taille  de  la  maquette  est  pratiquement  imposSe  par  la  soufflerle  disponible  :  la  puissance 
de  1' installation  determine  les  dimensions  de  la  veine  d'essai,  compte  tenu  des  conditions  generatrices 
de  l'ecoulement  3  r^aliser.  On  doit  noter  egalement  qu'un  nr*mbre  d'aubes  minimal  est  indispensable  pour 
assurer  correctement  la  periodicity  de  la  grille. 

Les  consequences  sont  de  deux  ordres  : 

-  difficulty  d' instrumentation  des  profils  ; 

les  aubes  de  compresseurs ,  surtout  en  tete  de  pale,  sont  les  plus  minces  possibles.  L'epaisseur  maxi¬ 
male  d'un  profil  de  grille  est  de  quelques  millimetres,  alors  que  l'epaisseur  aux  bords  d'attaque  et 
de  fuite  est  inferleure  au  millimetre.  Des  techniques  nouvelles,  corotne  l'usinage  par  electro-erosion, 
ont  permis  d’amyiiorer  la  realisation  et  1' instrumentation  des  profils  de  grille.  Toutefois  les 
regions  de  bord  d'attaque  et  de  fuite  restent  trop  minces  pour  etre  equip£es  de  faqon  sattsfalsante  en 
prises  de  pression  statique  ; 

-  difficulty  de  mesure  dans  les  canaux  inter-aubes  ; 

le  canal  inter-aubes  est  exigu,  et  d'acc^s  malaise.  II  est  apparu  n£cessaire,  pour  y  faire  des 
mesures,  de  d£velopper  une  instrumentation  tou jours  mieux  adapt^e  :  sonde  5  trous  miniature,  et 
systeme  de  deplaceraent  dans  le  volume  3  explorer.  De  plus,  dans  une  grille  supersonique,  certaines 
zones  de  l'ecoulement  sont  transsoniques ,  et  la  sonde  dolt  avoir  une  bonne  reponse  aux  alentours  de 
M  -  1. 

2.2  -  Presentation  de  la  grille  et  des  conditions  d'essals 

La  grille  etudiee  (fig.  1)  est  composee  de  6  aubes  ayant  les  caracteristiques  suivantes  : 


C  -  122,2  mm 


epaisseurs  :  bord  d'attaque 
bord  de  fuite 
maxlmale 


.  encombrement  axial 
.  envergure 

.  angle  d'adaptatlon  (angle  entre 
la  n-»r*ale  au  front  de  grille  et 
la  direction  de  l'ecoulement) 


Cx  ■  72,5  mm 
1  *  100,0  mm 


Le  pas  de  la  grille  vaut  58  on  (pas  relatif  :  0,475). 


Fig.  1  -  Vug  d*  is  grifie. 
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Les  essais  ont  eu  lieu  dans  la  soufflerle  de  grille  plane  de  l'ONERA  I  Chalals-Meudon,  dicrite 
pour  l'essentiel  en  [1],  Par  rapport  3  cette  r§f£rence,  quelques  modifications  vlsant  1  amgllorer  la 
p£rlodiclte  de  l'£coulement  et  le  contrfile  des  couches  llmltes  lat£rales  ont  £ti»  effectu§es  sur 
l* Installation. 

Conditions  d'essals  : 

Icoulement  g&nerateur  :  M#  -  lt5 

-  80  000  Pa 
T*0  -  300  K 

Rapport  de  press  ton  statlque  -f x  f+0  -  2,04  pour  l'essat  d£talll£  pr£sent£  lcl.  Le  taux  de 

convergence  amont-aval  des  nappes  de  courant  est  obtenu  naturelleraent  3  partlr  du  d£collement  des 
couches  Unites  des  parols  lat£rales  de  la  soufflerle.  Ce  d^collement  est  contrSie  par  un  dlspositlf 
d *  aspiration,  et  la  mesure  des  slllages  permet  de  s'assurer  que  le  taux  de  convergence  est  constant  sur 
une  partle  sufflsante  de  l'envergure.  lcl,  le  taux  de  convergence  T  c 
vaut  0,80  (indlce  1  £eoulement  araont, 

indice  2  £coulement  aval  moyen). 

2.3  -  Mesures  effectufees 

Pour  cet  essai,  ou  le  maximum  d' Inf ormatlons  Italt  souhalt£,  les  mesures  sulvantes  ont  $t$ 

falte9  : 

-  mesures  de  la  presslon  statlque  sur  l'extrados  et  1'lntrados  des  proflls  equip£s  (Intrados  :  20 
prises,  extrados  :  19  prises),  pour  plusieurs  positions  en  envergure,  autour  du  plan  median  de  la 
veine  ; 

-  mesure  \  la  sonde  miniature  5  trous  0  1,5  mm  (fig.  2)  ; 

.  contr8le  du  nombre  de  Mach  3  l'araont  de  la  grille, 

.  mesure  du  9lllage  sulvant  1' envergure  :  contrSle  de  la  periodicity  et  du  taux  de  convergence, 

.  mesure  dans  le  canal  (fig.  3)  : 

7  axes  d' exploration  paralldles  au  front  de  grille, 

2  axes  d' exploration  Inclines  de  30°  par  rapport  au  front  de  grille. 

De  plus,  une  visualisation  par  enduit  vlsqueux  sur  l'extrados  et  1'lntrados  a  6te  r£alls£e. 
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3  -  PRESENTATION  DE  LA  METHODE  UTILISEE 


Le  principe  de  base  est  le  suivant  :  on  connatt  la  repartition  de  la  pression  statlque  ear  les 
parols  d*un  canal  inter-auhes  (extrados  d’une  aube,  Intrados  de  l'aube  superieure),  et  on  Impose  cette 
repartition  cotruae  donnee  d'un  calcul  de  fluide  parfait,  ou,  en  d'autres  terme9,  on  cherche  le  canal  qul, 
en  fluide  parfait,  donnerait  la  repartition  experimental  de  pression  sur  les  parols. 

Pour  cela  on  utilise  un  programme  de  calcu]  r£solvant  les  equations  d’Euler  par  une  m^thode 
pseudo-instatlonnaire  inverse  J2J  [3].  Au  debut  du  calcul,  les  frontl^res  du  malllage  dans  le  canal 
(fig.  4a)  sont  naturelleraent  l'extrados  et  l1  Intrados  de  l’aube,  et  la  repartition  ^(ac/c*)  est 
imposee  sur  celles-cl  (fig.  5). 

Au  cours  du  calcul  le  malllage  se  d£forree  (fig.  4b)  et  on  admet,  dans  la  version  employee,  que 
la  pression  se  conserve  sur  des  droites  paralleles  au  front  de  grille,  ou,  autrement  dlt,  on  suppose 
que  =  O  entre  la  frontllre  de  depart  (extrados  ou  intrados)  et  la  frontlSre  finale  (simulant 
l’effet  de  d£plaeement  des  couches  vlsqueuses).  Cette  approximation  est  valable  quand  le  deplacement  est 
relativement  falble,  ou  quand  le  gradient  hf-f'bA  est  falble  (A  etant  l'absclsse  curvlllgne  du 
proftl  ;  un  dfccollement  isobare  correspond  a  c  o  ,  par  exemple).  Une  meilleure  approximation 
consisteralt  &  supposer  que  c'est  suivant  la  norraale  au  prof 11  que  la  pression  statlque  se  conserve.  Ce 
point  precis  a  d’ailleurs  $t€  d€velopp€  dans  les  versions  ult€rieures  du  programme  de  calcul. 

Ce  schema  conserve  evldemment  le  debit  passant  dans  la  grille  et  la  difference  entre  les 
"parols"  issues  du  calcul  inverse  et  les  parols  rlelles  du  canal  represente  l'epaisseur  de  deplacement 
du  aux  couches  vlsqueuses,  decoliees  ou  non.  Par  contre,  la  quantlte  de  mouvement  du  fluide  r6el  ne  peut 
pas  etre  restituee  par  le  calcul  Inverse. 


Fig.  5  -  Repartition  da  praatfon  tur  I'auba. 
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Pour  mener  ce  calcul  au  mieux,  quelques  aminagements  se  sont  rivilis  nicessaires  : 

a)  traitement  au  bord  d'attaque  ; 

en  realiti  dans  la  grille  il  existe  un  choc  de  bord  d'attaque,  ditachi  et  courbe.  II  n'est  pas 
possible  de  prendre  en  compte  ce  genre  de  choc  dans  le  programme  de  calcul  de  canal  en  fluide 
parfait.  Ausst  on  utilise  l'artlflce  sulvant  :  I’aube  est  llglrement  allongie  pour  que  le  choc 
oblique  obtenu  de  cette  faqon  alt  le  mime  point  d* impact  sur  l'extrados  que  le  choc  de  bord  d'attaque 
riel  (fig.  6)  ; 

b)  traitement  au  bord  de  fuite  ; 

dans  la  rigion  du  bord  de  fuite,  la  minceur  du  profil  ne  permet  pas  d'implanter  de  prises  de 
pression  statlque.  La  repartition  de  pression  1  partir  de  la  dernilre  prise  jusqu'au  bord  de  fuite, 
ainsi  que  le  niveau  de  pression  £  l'aval  de  la  grille  sont  extrapolis  a  partir  des  mesures  de  slllage 
proche. 


^  V  \  —  Choc  ree/ 


^  \\ 
Choc  Wctff— 


'  Front  do  grill e 


Fig.  6  -  Traitement  au  bord  d'attaque. 


La  donnie  de  la  pression  pour  le  calcul  est  reprisentie  figure  5.  On  note  sur  cette  figure  les 
f leches  indiquant  les  abscisses  a  partir  desqueiles  la  pression  est  ef f ectivement  imposie  (avant  ces 
points,  la  giomitrle  du  canal  est  respectee)  ; 

c)  Evolution  de  la  convergence  des  nappes  de  courant  £  travers  la  grille  ; 

le  taux  de  convergence  x  =  est  obtenu  par  1*  integration  aval  sur  un  pas  du  dibit 
passant  dans  la  grille.  Par  contre  son  evolution  dans  le  canal  n'est  pas  oesurie  :  on  est  done 
contraint  d'introduire  dans  le  calcul  une  loi  arbitraire.  Les  experiences  ont  confirmi  que  la  partie 
amont  supersonique  de  l'icoulement  est  tris  sensiblement  bidimensionnelle  (X  -  1)  et  que  e'est  done 
£  partir  du  choc  que  l'effet  de  convergence  se  fait  sentir.  D'autre  part,  les  mesures  de  slllage 
indlquent  que  le  taux  de  convergence  n'evolue  pratlquement  pas  selon  l'axe  x,  £  l'aval  de  la  grille. 


Plusieurs  calculs  ont  eti  menis  pour  (valuer  1* influence  de  ce  paramltre  :  ils  ont  montri  que 
1' allure  ginirale  du  champ  des  isobares  est  assez  peu  raodifiie. 

4  -  RESULTATS 

4.1  -  Reconstitution  du  champ  de  pression 

Les  figures  4a  et  4b  montrent  Involution  du  oalllage  au  cours  du  calcul. 

Figure  4a  :  maillage  de  depart,  et  giomitrle  du  profil. 

Figure  4b  :  maillage  apr£s  convergence  du  calcul. 

La  figure  7  reprisente  le  champ  des  isobares  dans  le  canal  Interaubes.  On  peut  constater 
aisiment  que  le  choc  principal  de  recompresslon  provoque  le  dicollenent  de  la  couche  limite  avec  la 
formation  d'un  A  aussl  bien  £  l'extrados  qu'£  l'lntrados  ;  ce  A  est  plus  accentui  £  l'extrados  oft  le 
nombre  de  Mach  £  1' amont  du  choc  est  plus  ilevi. 

4.2  -  Compa raison  entre  le  calcul  Inverse  et  les  Bondages  dans  le  canal 

II  est  possible,  £  partir  des  risultats  du  calcul,  de  tracer  les  (volutions  de  la  pression 
statique  sur  les  dlffirents  axes  d* exploration  de  la  sonde  et  de  les  comparer  aux  mesures  expirlmentales 
(fig.  8).  Cette  comparaison  est  tout  £  fait  satlsfalsante ,  sauf  dans  la  partie  amont  du  canal. 

Dans  cette  region,  le  disaccord  a  probablement  pour  orlglne  le  traitement  au  bord  d'attaque  : 

le  choc  riel,  perqu  par  la  sonde  engendre  un  icoulement  dlffirent  de  l'icoulement  calculi  oft  11  y  a  un 
choc  oblique  de  faible  lntenslti. 

II  faut  aussl  reaarquer  que  le  calcul  inverse  refllte  les  risultats  d'un  seul  essal,  tandls 
que  chacune  des  explorations  provlent  d'un  autre  essal.  La  reproductlblllti  de  l'icoulement  est  gint- 
ra lament  Men  aaourio,  mala  11  peut  arriver  qu'une  ligire  dirlve  des  riglages  (vannage,  aspiration, 
tuylre...)  Indulse  des  modifications  ml  nines  de  l'icoulement. 

Compte  tenu  de  cette  remarque,  on  volt  (fig.  8c,  d,  e,  h,  1)  que  la  position  expirimentale  du 

choc  est  bien  restitute  par  le  calcul,  alnsl  que  certains  ditalls  de  l'icoulement,  telle  la  ligire 

rlaccillration  aprls  le  choc  (fig.  8d,  1  en  pertlculler). 
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Fig.  7  -  Reconstitution  do  I'tcoulement  (isobansl. 

D'autres  comparalsons  apparalaBenc  sur  les  figures  9a  et  9b.  On  y  a  report*  lea  assures  faltes 
en  x.JcK  “  0,795  et  0,898,  c'eat-4-dire  dans  la  partle  aval  do  canal,  pr4s  do  bord  de  fulte.  La  chute 
de  la  preaalon  d'arrdt  •  assocl*e  8  la  atablllaatlon  de  la  preaslon  atatlque,  lndlque 
clalrement  la  presence  de  couches  vlsqueusea  dont  l'epalsseur  de  d*placement  S'*  eat  Importance .  Dans  le 
calcul  Inverse,  la  difference  entre  le  profll  de  l'aube  et  la  frontlire  finale  du  village  dolt  corres- 
pondre  au  8*  •  La  determination  de  8*'  4  partlr  de  1' experience  eat  imprecise  4  cause  du  nombre  r*duit 
de  points  de  mesure  dans  la  zone  vlsqueuse,  mala  11  est  facile  de  constater  que,  qualltatlvement  l'effet 
de  d*placement  est  blen  rendu  par  le  calcul. 

L'ensemble  de  ces  rfesultata  montre  done  que  la  connalssance  prlclse  de  la  repartition  experi¬ 
mental  de  presalon  sur  lea  parols  du  canal  permet  de  reconstltuer  tr4s  convenablement  le  champ  des  iso- 
bares  dans  le  canal  mdme.  En  outre,  une  estimation  de  l'epalsseur  de  deplacement  peut  8tre  obtenue  ;  par 
contre  pour  bvaluer  les  autres  caract8rlatlques  globales  de  la  couche  vlsqueuse,  et  par  14  remonter  aux 
pertes,  11  faudralt  falre  appel  4  un  calcul  de  couche  llmlte  en  mode  Inverse  (dont  la  donn*e  est  S*  ). 
On  obtlendralt  alors  une  evolution  de  l'epalsseur  de  quantlt*  de  mouvement  dependant  des  conditions  Ini¬ 
tiates  qu'll  faudralt  ajuster  pour  assurer  la  compatlblllt*  entre  Is  repartition  de  presslon  experi¬ 
mental  et  la  repartition  de  vltesse  Issue  du  calcul  de  couche  llmlte. 

4.3  -  Coherence  globale  des  r*sultats 

Le  calcul  Inverse  peut  8tre  consider*  comae  un  mode  de  traltement  de  donn*es  de  soufflerle. 
Ces  donn*es  -presslon  atatlque  sur  des  parols-  sont  plutSt  f tables.  Dn  bon  accord  entre  les  rdsultats  du 
calcul  et  les  assures  faltes  4  la  sonde  prouve  que  l'ensemble  des  r*sultats  est  coherent,  et  montre  en 
partlculler  le  bon  fonctlonnement  de  la  sonde  dans  le  domalne  deiicat  des  bcoulements  transsonlques .  Ce 
dernier  point  est  Important  car  4  l'aval  de  la  grille,  14  ou  11  n'y  a  pas  de  recoupeaent  possible,  la 
mesure  des  slllages  se  fait  aussl  en  bcoulement  transsonlque. 

5  -  C0HCLUSI0H 


La  simple  connalssance  de  la  repartition  exp*rlmentale  de  la  presslon  statlque  sur  un  profll 
de  grille  plane  da  comprassaur  axial,  assoclCe  4  quelquea  assures  de  slllage,  a  petals  de  reconstltuer 
le  champ  da  prasslon  dans  le  canal  lnter-aubes.  Four  cela  on  a  utilise  une  m*thode  Inverse  de  calcul  de 
flulde  parfalt  :  la  presslon  laposCe  sur  les  frontlires  du  domains  de  calcul  provoque  le  d*placeaent  de 
ces  dernl4res  at  donne  une  bonne  estimation  de  l'effet  de  dtplaceaent  dfl  aux  d*colleaents  des  couches 
llaltes. 


La  compare Is on  entre  les  risultats  du  calcul  Inverse  et  des  aesures  fines  dans  le  canal  lnter- 
aubes  montre  un  accord  saclefalsant  coapte  tenu  des  amlnagaaents  nCcsssslres  4  la  else  en  oeuvre  du 
calcul. 

Snfln  la  coherence  globale  des  rdsultats  obtenue  dans  ce  cas  oO  les  couches  llaltes  sont 
d'ipalsaeur  tr*s  lmportants  est  lntiresaante,  car  alls  tend  4  Juetlfier  1' approximation  flulde  perfalt- 
flulde  vlsqueux  pour  le  calcul  da  l'icouleaant  en  grille  d'subea  avec  Interaction  choc-couche  llmlte. 
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Fit-  8  -  Comparataon  cakxiltxpirlence  dent  le  canal. 
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DISCUSSION 


W.J. Calvert,  UK 

(1)  The  separation  of  the  boundary  layer  on  the  pressure  surface  is  calculated  to  be  the  same  as/or  worse  than 
the  separation  on  the  suction  surface.  Does  this  situation  surprise  you  and  do  boundary  layer  calculations 
support  it? 

(2)  Was  the  condition  show  (P2/Pa  =  2.04)  the  optimum  operating  condition  for  this  cascade? 

Reponse  d’Auteur 

(1)  Les  resultats  de  ce  calcul  donnent  une  estimation  du  deplacement  du  a  la  couche  limite.  Neanmoins,  on  ne 
peut  pas  pretendre  obtenir  la  precision  necessaire  pour  effectuer  correctement  des  calculs  de  couche  limite 
en  mode  inverse,  ou  la  donnde  serait  cette  estimation  de  l’epaisseur  de  deplacement. 

(2)  Tout  d’abord  cette  grille  n’a  pas  ete  con<;ue  pour  etre  performante  (D’ailleurs  ses  performances  sont  tres 
modestes).  Ensuite,  le  rapport  de  pression  de  2,04  a  ete  choisi  pour  distinguer  sur  l’extrados  [’impact  du  choc 
oblique  et  l’impact  du  choc  principal  de  recompression.  Ce  n’est  pas  le  point  “optimal”  que  I’on  a  obtenue 
pour  une  contrepression  plus  eievee. 


C.H.Sieverding,  Be 

You  should  be  congratulated  for  your  effort  in  miniaturizing  your  five-hole  probe.  I  wonder,  however,  whether  in 
your  particular  application  a  three-hole  probe  would  not  have  been  more  appropriate  in  view  of  the  higher  blockage 
effect  of  the  five-hole  probe.  The  angle  in  a  plane  normal  to  the  blade  surface  will  be  anyway  in  error  when  the 
probe  approaches  the  blade  surface. 

Reponse  d'Auteur 

II  est  certain  qu’une  sonde  trois-trous  de  meme  encombrement  vertical  que  notre  sonde  a  5  trous  donnerait  un 
effet  de  blocage  moindre.  Neanmoins,  dans  de  nombreuses  regions  explores,  les  informations  donnees  par  la  sonde 
5  trous  etaient  necessaires,  ou  du  moins  utiles,  et  nous  avons  jug£  preferable  de  faire  l’ensemble  des  mesures  avec  la 
meme  sonde,  etalonnde  finement  dans  un  domaine  vaste  de  vitesse  et  d’angles. 

D’autre  part  les  problemes  lies  4  la  proximite  de  la  paroi  auraient  effectivement  ete  les  memes  avec  une  sonde  3  trous 
qu’avec  une  sonde  5  trous. 


AD  P  00  3077 
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COMPRESSOR  AND  TURBINE  BLADE  BOUNDARY  LAYER  SEPARATION 
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Silver  Lane 

Hartford,  CT  06108,  U.S.A. 


SUMMARY 

“'^ffuraerous  sites  on  compressor  and  turbine  blades  are  susceptible  to  the  phenomenon 
of  boundary  layer  separation.  In  such  situations  it  is  found  that  the  boundary  layer  is 
incapable  of  negotiating  a  local  adverse  pressure  gradient,  which  is  subsequently 
relieved  as  it  breaks  away  from  the  surface  and  induces  a  strong  interaction  with  the 
inviscid  stream.  Since  losses  and  heating  due  to  such  occurrences  can  be  significant,  a 
need  continues  to  exist  for  efficient,  and  reliable  prediction  techniques  for  this  class 
of  problemjf.  A  review  S»i4-4 — ^represented  of  the  results  of  a  multiyear,  multiphase 
program  aimed  at  developing  and  assessing  finite  difference  techniques  for  a  wide  range 
of  separation  induced  problems.  Results  '■wt  l  t  'be',  given  for  leading  edge  bubbles,  tran¬ 
sonic  shock  induced  separations,  cove  side  bubbles,  and  t  r  a  i  1  i  ng  -  ed  ge  j  induced  wake 
bubbles.  Both  the  analytical  technique  and  co  1  1  abo  r  at  i  ng  experimental  studies  -wi  i  1  be 
discussed  and  directions  for  future  research  identified. 


INTRODUCTION 

The  overall  problem  area  addressed  here  is  that  of  small  bubble  boundary  layer 
separation  as  it  occurs  on  gas  turbine  compressor  and  turbine  blades.  These  occur  at 
numerous  sites  of  local  adverse  pressure  gradient  and  are  generally  unavoidable, 
undesirable,  and  unp r ed i c t ab l e .  Figure  l  presents  a  schematic  of  the  principle  poten¬ 
tial  blade  separation  sites  -  these  being:  (1)  the  leading  edge  overspeed  region  which 
often  promotes  premature  boundary  layer  transition;  (2)  suction  surface  shock  wave 
impingements  that  weaken  the  boundary  layer's  ability  to  overcome  the  trailing  edge 
pressure  rise;  (3)  the  off-design  cove  region  pressure  rise  that  promotes  separation  and 
high  reattachoent  heating  on  turbine  blades;  and  (4)  the  blunt  trailing  edge  induced 
wake  recirculation  that  contributes  to  blade  loss  and  turning  deviation.  These  separa¬ 
tions  are  unavoidable  in  the  sense  that  other  design  needs  take  precedence  (e.g., 
trailing  edge  bluntness  for  structural  integrity),  undesirable  in  the  sense  that  they 
almost  certainly  lead  to  increases  in  loss  and  heating,  and  unpredictable  in  that,  to 
date,  no  fully  reliable  and  practical  means  has  emerged  to  account  for  the  extent  and 
impact  of  such  events.  The  problem  of  describing  and  predicting  separation  has,  of 
course,  been  the  subject  of  intense  study  by  so  many  investigators  that  it  is  impossible 
to  provide  a  complete  historical  perspective.  Numerous  conferences  (Refs.  1  through  4, 
for  example)  have  been  focused  entirely  on  this  problem,  and  progress  has  definitely 
been  made  since  Prandtl's  initial  interest  in  the  area.  Amid  wide  divergence  of 
opinions  and  approaches,  there  does  emerge  a  rather  general  picture  which  will  be  taken 
as  the  starting  point  for  the  present  paper.  It  now  appears  that,  for  the  small  separa¬ 
tion  bubble  regime  of  interest  here,  the  physics  can  be  represented  by  a  multi-tiered 
interacting  viscous  layer  approach.  The  principle  ingredients  of  such  an  interaction 
theory  involve  a  turning  and  separating  bottom  tier  of  flow  represented  by  boundary 
layer  like  equations  strongly  disturbing  the  local  inviscid  flow  structure  through  a 
displacement  thickness  surge  which  in  turn  communicates  a  mild  disturbance  to  the  global 
inviscid  flow  structure.  Such  an  approach  includes  the  asymptotic  rational  laminar  and 
turbulent  triple  deck  models  (see  Refs.  5  through  9,  for  example)  as  well  as  the  reason¬ 
able  (as  d i s t inguished  from  rational)  interacting  boundary  layer  model#  (aee  Refs.  10 
through  16,  for  example).  Within  this  framework,  there  are  several  remaining  issues  to 
be  resolved:  first,  there  remain  strong  questions  about  just  what  role  normal  pressure 
gradients  play  in  the  viscous  region  of  separating  turbulent  boundary  layers;  second, 
it  is  not  yet  fully  clear  how  flow  detachment  modifies  the  local  turbulence  model; 
third,  a  model  has  not  yet  emerged  for  sat i g f ac C or i 1 y  representing  and  solving  cases 
with  transition  in  a  separation  bubble;  fourth,  the  trailing  edge  separation  bubble 
provides  an  anasoloui  situation,  especially  with  respect  to  wake  closure;  and  finally, 
there  still  remains  a  question  as  to  the  appropriateness  of  the  displacement  interaction 
concept  for  turbulent  separated  flows.  Given  the  significant  impact  separated  flow  has 
on  all  aerodynamic  configurations  in  general,  and  turbomachinery  blade  components  in 
particular,  the  United  Technologies  Research  Center  launched  a  program  four  years  ago 
with  the  goal  to  clarify  these  issues  end  provide  reliable  prediction  techniques  for  the 
small  separation  bubble  problem.  A  comprehensive  combined  analyt ics 1 /exper iment si 
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program  is  underway  to  systematically  address  the  five  main  issues  presented  above  - 
using  benchmark  data  sets  to  guide  and  assess  advanced  interacting  viscous  layer  models 
and  their  solution  techniques.  Results  to  date  of  this  study  will  be  presented  here, 
principally  showing  that  (1)  strong  evidence  exists  that  the  interacting  displacement 
concept  can  be  generalized  to  a  wide  range  of  app 1 icat i ons ,  including  those  where  normal 
pressure  gradients  are  significant,  (2)  transition  in  the  shear  layer  can  be  accommo¬ 
dated  s t ra i gh t f orwa r d 1 y ,  (3)  trailing  edge  separation  and  wake  closure  provide  an 
interesting  flow  structure  that  can  be  addressed  by  the  present  approach. 

ANALYTICAL/EXPERIMENTAL  APPROACH 

The  overall  approach  employed  here  focuses  on  the  most  prevalent  aspect  of  all  the 
separation  bubble  problems  described  above  -  that  of  their  smallness.  They  appear  to 
have  the  common  structure  of  small  chordwise  lengths  and  width,  thin  viscous  shear 
layers,  turbulence,  and  relatively  local  (but  additive)  impact  on  the  overall  blade  flow 
field.  Thus,  a  basis  is  provided  for  comprehending  all  such  elements  within  a  local 
viscous  interaction  concept  wherein  the  global  inviscidly  dominated  flow  over  a  blade 
element  is  locally  perturbed  by  its  interaction  with  a  thin  viscous  layer.  Within  this 
structure,  each  such  separation  site  can  be  addressed  separately  for  its  special 
features  and  a  combined  an a l y t i c a l / ex pe r ioe n t a  l  program  focused  on  refining  the  appro¬ 
priate  aspects  of  each  model  element. 

Theoretical  Model 


Using  this  framework,  the  interaction  process  is  thus  taken  as  depicted  in  Figure  2 
as  containing  an  inviscid  far-field  that  senses  a  small  perturbation,  an  incoming  thin 
viscous  boundary  layer  that  undergoes  a  strong  interaction  over  a  relatively  short  chord 
length,  and  a  well  behaved  downstream  classical  viscous  layer.  Our  interest  here  is  in 
strong  interaction  regions  in  which  the  viscous  flow  influences  the  near  field  of  the 
inviscid  flow  through  rapid  displacement  thickness  growth.  Thus  the  approach  falls 
quite  naturally  into  a  multi-scale  (multi-layered?)  configuration  wherein  a  thin  viscous 
layer  interacts  strongly  with  a  local  inviscid  structure,  which  itself  communicates 
weakly  with  the  basic  airfoil  inviscid  flow  field. 

The  viscous  region  itself  is  taken  to  be  represented  by  a  thin  layer  generalization 
of  the  boundary  layer  equations  to  accommodate  two  critical  aspects  of  the  problem. 
First,  a  shear  layer  coordinate  system  as  depicted  in  Figure  3  is  introduced  to  relieve 
untenable  constraints  inherent  to  surface  coordinates  (see  Ref.  10  for  further  discus¬ 
sion)  and  second,  allowance  is  made  for  variations  of  the  streamwise  pressure  gradient 
across  the  viscous  layer  as  induced  by  the  convective  process.  This  latter  issue  is  of 
fundamental  importance  to  a  wide  class  of  flows,  especially  those  involving  transonic 
shock  waves  which  penetrate  deeply  into  a  viscous  layer  as  depicted  in  Figure  4  (see 
Ref.  3  for  further  discussion  of  this  approach). 

Within  this  framework,  a  very  general  representation  of  the  viscous  flow  can  be 
presented  for  the  adiabatic  case  in  terms  of  a  turbulent  version  of  the  Levy-Lees  depen¬ 
dent  variables  5>  n  (see  Ref.  10)  as 

Continuity: 

Vn  ♦  F  ♦  25  F^  -  0  (1) 

Moment  urn : 

(lFn)n  -  VFn  ♦  B  OP  -  F2)  -  ZCFF?  -  0  (2) 


Boundary  Conditions: 


F(C,0)  -  V( 5,0)  -  0 


(3a) 


F  ♦  F  £(  5 ,  n)  as  n  ♦  » 


(3b) 


where  F  and  V  are  transformed  versions  of  the  longitudinal  and  normal  velocities  respec¬ 
tively,  6  is  the  static  enthalpy,  t  is  a  kinematic  and/or  eddy  viscosity  function,  snd 
Fj^(5,n)  is  the  inviscid  longitudinal  velocity  component  .  Here,  0  is  the  classical 
boundary  layer  presaure  gradient  parameter  written  as 


8  =  11  liLs. 

ue  dC 


(4.) 


In  Ref.  9,  Davis  introduced  yet  a  simplier  version  of  Eq.  (2)  that  could  have  a 
significant  impact  on  future  developments  in  computational  techniquea  for  this 
problem . 
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and  P  is  a  function  defined  to  account  for  inviscidly  induced  pressure  gradients  effects 
across  the  viscous  layer.  This  is  defined  as 

3P.(s,n)  /  3P-  ( s  ,  0  ) 

P  =  - 1 -  /  - 1 -  (4b) 

3s  /  3s 

The  coordinates  £  and  n  are  defined  in  terms  of  the  longitudinal  and  normal  shear 
layer  distances  of  Figure  3  as 


K 


peveTV( 


ds 


(5a) 


n 


dn 


(5b) 


where  is  a  running  turbulent  Reynolds  number  defined  in  terms  of  the  relevant  dimen¬ 

sional  boundary  layer  edge  values  as 


with  the  relevant  viscosity  being 


running  average  value  defined  as 


(5c) 


(  5  d  ) 


and  u*  is  a  turbulent  eddy  viscosity  level  related  to  the  edge  value  of  the  fluid 
viscos  ity  as 


Uj  *  ( 1  ♦  e)  u*  ( 5e ) 

and  e  is  directly  related  to  a  well  defined  wake  like  eddy  viscosity  level  (see  Ref.  10 
for  detailed  discussion).  The  use  of  this  transformation  is  a  turbulent  generalization 
of  the  Blasius  laminar  flat  plate  variable  that  serves  to  virtually  freeze  lateral 
growth  of  the  boundary  layer.  Its  origin  is  embedded  in  similarity  concepts  and  it 
comprehends  Prandtl's  coordinates  for  self  similar  turbulent  wakes  (see  Ref.  17  for 
d iscuss ion) . 

Interaction  effects  are  accounted  for  through  the  displacement  thickness  growth  — 
here  generalized  to  account  for  variations  in  the  inviscid  flow  structure  in  the  overlap 
region  between  the  viscous  layer  and  local  perturbed  inviscid  field.  Thus,  as  discussed 
in  Refs.  14  and  15,  the  displacement  thickness,  6  ,  is  defined  as 


/  Pi“idn  *  / 
I*  o 


PvPydn 


(6) 


where  the  subscript  i  designates  the  inviscid  flow  above  the  displacement  surface  and 
the  v  subscript  designates  the  viscous  flow  solution.  The  interacting  inviscid  flow  is 
taken  merely  as  that  flowing  past  the  original  body  plus  the  displacement  thickness 
(i.e.,  the  displacement  body  of  Figures  2,  3  and  4). 

Although,  the  principle  focus  of  the  current  effort  is  the  representation  of  strong 
interaction  effects,  these  cannot  be  totally  accounted  for  without  proper  addressing  of 
weak  interaction  effects.  Account  can  be  made  of  such  effects  by  merely  modifying  the 
base  flow  field  within  which  strong  interaction  occurs.  Thus  (as  discussed  in  Ref.  16) 
the  general  inviscid  flow  field  representation  can  be  written  as  a  base  flow  plus  a 
small  local  perturbation  so  that,  for  example,  the  local  velocity  may  be  written  as 


(7) 


i 
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where  Ue^  Includes  the  basic  inviscid  flow  up  to  a  representative  weak  interaction 
level,  while  U  e  ^  includes  local  perturbation  effect.  Thus,  for  example,  in  subsonic 
closed  bubble  conf igurat ions  Vatsa  and  Carter  (Ref.  16)  found  that  once  a  proper  base 

flow  with  weak  interaction  effects  was  established,  they  were  able  to  provide  a  very 
accurate  representation  of  the  perturbation  field  with  a  Cauchy  integral  representation. 

Extension  of  this  concept  for  transonic  or  supersonic  applications  appears  quite 

st  raight  forward . 

Results  of  application  of  the  above  analytical  represent  at i on  to  several  separation 
bubble  flows  is  presented  in  the  next  section  of  this  paper. 

Experimental  Study 

The  overall  interaction  model  contains  several  elements  that  yet  require  guidance 
from  definitive  experimental  studies.  The  most  important  of  these  is  the  displacement 
concept  itself,  which  while  seemingly  complete  and  attractive  from  an  analytical  stand¬ 
point,  yet  requires  extensive  experimental  verification  and  assessment  across  the  range 
of  controlling  parameters  relevant  to  turbomachinery  application.  To  achieve  this,  the 
data  base  must  include  accurate  measurement  of  the  local  velocity  field  and  provide  a 

high  degree  of  profile  resolution.  These  are  of  critical  concern  if  the  degree  of 

importance  of  lateral  variation  of  inviscid  properties  and  the  validity  of  the  displace¬ 
ment  concept  are  to  be  established.  Additionally,  concern  must  be  given  the  proper 
representation  of  the  transition  and  turbulence  effects  in  separated  regions  -  a  area 
where  the  accuracy  of  measurement  of  the  time  variant  aspects  of  the  flow  structure  is 
of  crucial  concern.  Finally,  the  issue  of  three  dimensional  contamination  of  two  dimen¬ 
sional  experiments  i9  of  fundamental  importance  due  to  its  ability  to  completely  neu¬ 
tralize  the  utility  of  benchmark  data  bases  for  assessment  of  state-of-the-art  two 
dimensional  analytical  models. 

In  an  attempt  to  address  these  issues,  an  experimental  program  has  been  established  | 

at  UTRC  aimed  at  providing  (1)  high  resolution  using  large  scale,  (2)  high  accuracy  and 
turbulence  information  through  laser  velocimeter  techniques,  and  (3)  representative  two 
dimensionality  through  use  of  active  endwall  flow  control.  Detail  results  of  several 
such  experimental  programs  are  presented  below. 

RESULTS 

Both  experimental  and  theoretical  results  have  been  obtained  demonstrating  a  broad 
range  of  capabilities  and  applications.  Four  specific  areas  have  been  addressed',  that 
of  spearation  at  leading  edges,  transonic  shock-wave  roots,  trailing  edges,  and  the 
blade  cove  side. 

Analytical  Studies 

The  first  case  considered  is  that  of  leading  edge  separation.  For  this  case  the 
flow  detaches  from  the  surface  in  the  leading  edge  ove r - s peed / r ec ompr e s s i on  region  in  a 
laminar  state.  The  resulting  free  shear  layer  is  unstable  and  undergoes  rapid  transi¬ 
tion  to  a  turbulent  state  -  which,  in  turn,  promotes  a  rapid  reat t achment  to  the  surface 
in  a  region  of  adverse  pressure  gradient.  Carter  and  Vatsa  (Ref.  16)  have  applied  their 
finite  difference  viscous  interaction  scheme  to  this  problem  and  results  of  a  comparison 
with  the  experimental  data  of  Caster  (Ref.  18)  are  given  in  Figure  5.  Here  the  pressure 
distribution  is  seen  to  be  very  accurately  predicted  when  an  instantaneous  transition  is 
triggered  at  s*1.0  with  both  the  experimental  separation  and  reattachment  positions 
equally  well  predicted.  These  results  clearly  show  that  the  interacting  boundary  layer 
approach  is  fully  capable  of  representing  this  complicated  flow  phenomenon  to  within  the 
limits  of  the  transition  model.  Additional  (see  Ref.  16)  numerical  studies  were 
performed  to  assess  the  sensitivity  of  the  analytical  model  to  the  choice  of  transition 
site  and  length,  with  good  evidence  given  to  support  use  of  an  instantaneous  transition 
model  and  leading  to  the  conclusion  that  further  research  should  now  be  focused  on 
defining  a  basis  for  setting  the  transition  site. 

As  a  demonstration  of  the  generality  of  this  approach,  solutions  have  also  been 
obtained  for  transitional  flow  separation  in  a  diffuser  channel  (Ref.  19).  These 
results  are  presented  in  Figure  6,  where  the  computed  displacement  thickness  growth 
along  the  flat  wall  of  an  81  diffuser  wall  for  an  inlet  velocity  of  40  ft/sec  and  an 
initial  laminar  boundary  layer  thickness  of  approximately  1/2  inch.  The  undisturbed 
inviscid  flow  was  first  determined  using  the  procedure  of  Caspar  et  al  (Ref.  20)  with 
the  invisc id/viscous  perturbation  solution  obtained  thereafter.  For  this  case,  the 
transition  site  was  set  at  x»2.25  ft  with  the  converged  aolution  having  separation  at 
x-1  .93  followed  by  rapid  growth  in  6  up  to  transition  where  8  starts  to  diminish 
rapidly  toward  reattachment  at  x*2.35  ft.  K  family  of  numerical  experiments  were 
performed  to  ascertain  the  influence  of  the  transition  site  location  on  the  stability 


anil  convergence  properties  of  the  technique.  Whereas  the  flow  structure,  and  in 
particular,  the  separation  length  was  found  to  be  extremely  sensitive  to  the  transition 
model,  no  hint  of  numerical  instabilities  were  encountered.  At  this  time  an  experi¬ 
mental  program  has  been  initiated  to  obtain  a  data  base  for  assessing  the  accuracy  of 
the  results  and  for  establishing  a  basis  for  predicting  the  transition  site  location. 

For  the  case  of  transonic  flow,  the  test  case  studied  here  was  that  of  flow  over  a 
circular-arc  bump  placed  on  a  flat  plate  in  a  M,**0.875  airstream.  For  this  case, 
Bachalo  and  Johnson  (Ref.  21)  have  provided  the  experimental  data  base  using  a  large 
radius  axisymmetric  model  to  eliminate  end  effects.  As  shown  in  Fig.  7  separation  was 
observed  at  x=0.65  just  aft  of  the  shock  while  reattachment  occurred  on  the  flat  portion 
of  the  model  at  x*l.l3.  For  this  case  solutions  were  obtained  by  Carter  (Ref.  22)  for 
the  first  order  interacting  viscous  layer  equations  coupled  to  a  transonic  full  poten¬ 
tial  technique.  The  sensitivity  of  their  solutions  to  the  details  of  the  turbulence 
model  is  shown  in  Figure  7  where  variations  in  the  constant,  5,  of  the  outer  region 
turbulence  model  are  seen  to  produce  a  significant  influence  on  the  pressure  level  in 
the  separation  region.  Also  shown  in  Figure  7  are  the  results  of  a  second  numerical 
study  wherein  the  inviscid  pressure  level  generated  by  the  flow  over  the  displacement 
surface  was  computed.  The  excellent  comparison  of  these  results  with  the  experimentally 
measured  pressures  in  Figure  7,  clearly  provide  strong  evidence  that  even  in  this 
complicated  flow  where  the  shockwave  deeply  penetrates  the  boundary  layer  (as  depicted 
in  Figure  4)  the  displacement-interaction  concept  is  still  valid.  It  is  only  necessary 
now  to  accommodate  such  effects  in  the  viscous  layer  equations  as  outlined  above  and  in 
Ref.  15. 

For  the  case  of  trailing  edge  flows,  one  of  the  principle  questions  raised  in  the 
past  5  years  concerns  the  applicability  of  the  interacting  thin  viscous  layer  concept  to 
the  separation  case.  Chow  and  Melnik  (Ref.  23),  Brown  and  Stewartson  (Ref.  24)  and 
Stewartson  (Ref.  25)  and  others  have  studied  this  flow  and  found  well  behaved  inter¬ 
acting  flow  structure  up  to  the  case  where  zero  shear  friction  (stall?)  just  appears  at 
the  trailing  edge  point.  Unfortunately,  numerical  complications  prevented  "post-stall" 
studies  and  the  postulate  was  put  forward  that  perhaps  this  signaled  the  occurrence  of  a 
break-down  of  the  applicability  of  the  interaction  structure.  Smith  (Ref.  26)  has 
revisited  this  issue  in  an  intense  analytical  and  numerical  study  focused  on  clarifica¬ 
tion  of  this  critically  important  issue.  The  vehicle  employed  was  the  laminar  triple- 
deck  theory,  a  formally  rational  asymptotic  model  contained  within  the  interacting 
boundary  layer  equations.  Smith's  (Ref.  26)  results  give  strong  evidence  that  this 
approach  is  not  limited  by  a  "stall"  singularity.  Figure  8  shows  the  computed  stream¬ 
lines  for  one  such  case  wherein  a  family  of  separated  trailing  edge  solutions  were 
obtained  starting  with  the  symmetric  case  of  Werle  and  Verdon  (Ref.  29)  and  preceeding 
systematically  to  the  unsymmetric  case  by  collapsing  the  underside  of  the  airfoil  toward 
the  upper  half.  The  most  notable  feature  of  these  solutions  was  the  extremely  abrupt 
streamline  turning  that  accompanied  wake  closure  at  the  trailing  edge  point.  Smith  gave 
strong  numerical  and  analytical  evidence  to  support  this  structure  and  provides  insight 
as  to  why  several  pervious  numerical  studies  have  had  difficulty  passing  the  "trailing- 
edge  stall"  point.  Most  importantly,  through  this  clarification.  Smith  has  shown  that 
the  interacting  boundary  layer  structure  does  not  encounter  a  catastrophic  termination 
at  "stall"  and  thus  its  application  to  separated  trailing  edge  flows  violates  no  known 
fundamental  theorems.  Subsequently,  Verdon  and  Vatsa  (Ref.  27)  have  provided  a  compre¬ 
hensive  analytical  model  for  lifting  trailing  edge  flows  using  interacting  boundary 
layer  concepts  and  have  presented  laminar  solutions  up  to  and  including  separation  with 
wake  curvature  influences  accounted  for. 

Separation  of  flow  off  relatively  blunt  trailing  edge  geometries  is  of  concern  to 
the  turbomachinery  community  where  structural  considerations  prevail  and  rounded 
trailing  edge  thicknesses  on  the  order  of  the  incoming  boundary  layer  thickness  are 
quite  common.  For  this  problem,  a  series  of  studies  have  been  conducted  by  Werle, 
Verdon  and  Vatsa  (Refs.  11,  27-29)  aimed  at  developing  and  assessing  a  viable  analyt¬ 
ical/numerical  approach  to  this  class  of  problems.  For  this  case,  the  shear  layer 
coordinate  concept  presented  in  Figure  3  plays  a  critical  role  as  does  the  application 
of  the  turbulent  version  of  the  Levy-Lees  coordinates  discussed  earlier.  Using  these 
and,  where  appropriate,  a  modified  version  of  the  turbulence  model  presented  by  Cebeci, 
et.  al  .  (Ref.  30),  a  series  of  trailing  edge  geometries  have  been  studied,  the  most 
severe  of  which  is  that  of  flow  off  a  circular  trailing  edge  with  an  inlet  turbulent 
boundary  layer  as  thick  as  the  trailing  edge.  Comparisons  of  the  analytical  displace¬ 
ment  surface  predictions  of  Verdon  and  Vatsa  (Ref.  27)  with  the  recent  data  of  Paterson 
(see  Ref.  31)  are  given  in  Figure  9.  Here  the  vertical  scale  has  been  greatly  expanded 
for  clarity  causing  a  rather  unavoidable  distortion  of  the  circular  trailing  edge 
geometry  to  a  steep  ellipse.  These  results  clearly  show  the  rather  global  effect  caused 
by  the  dramatic  necking-down  of  the  displacement  body  as  it  fills  in  the  void  in  the 
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near  wake  region  afl  of  the  body.  Although  the  comparisons  of  Figure  9  are  encouraging, 
it  was  found  in  Ref.  27  that  the  pressure  distribution  comparisons  were  not  as  good  - 
displaying  a  hypersensitivity  to  subtle  variations  in  the  displacement  surface  shape. 
Research  continues  on  improvement  of  the  analytical  technique  with  present  attention 
being  focused  on  enhancements  to  the  turbulence  model  for  such  small  separation 
bubbles. 

A  thrust  has  also  been  initiated  to  provide  a  fundamental  analytical  basis  for 
representing  the  stall  flow  phenomenon.  To  this  end.  Smith  (Ref.  26)  has  postulated  a 
systematic  process  wherein  the  small  bubble  configuration  could  grow  to  the  massive 
situation  typical  of  stall  (see  Figure  10)  as  the  angle  of  attack  is  increased.  In  Ref. 
32,  convincing  evidence  is  presented  by  Smith  concerning  final  closure  of  his  inter¬ 
acting  viscous  layer  concept  introduced  in  Ref.  33.  The  isolated  airfoil  problem  is 
approached  as  the  infinite  gap  limit  of  the  cascade  flow  structure  of  Figure  11  -  the 
advantage  being  that  the  cascade  provides  a  formally  correct  model  at  all  finite  cascade 
gap  spacings.  A  critical  element  of  this  model  is  the  discovery  of  the  important  role 
played  by  a l ge b r a i c a l l y  decaying  boundary  layer  solutions  in  the  rec i rc u 1  at i on/ re i nges- 
tion  process.  It  is  shown  there  that  a  complete  model  for  the  massive  separation  case 
can  be  formulated  in  terms  of  interacting  viscous  layers  between  large  inviscid  ircota- 
tional  and  rotational  regions. 

Experimental  Studies 


A  large  effort  has  been  initiated  to  provide  benchmark  data  sets  for  trailing  edge 
flows  typical  of  those  encountered  in  turbomachinery  applications.  Here  the  major 
difference  from  external  aerodynamic  con f i g u r a t i ons  is  the  degree  of  bluntness  -  with 
compressor  and  turbine  environments  both  employing  boundary  layer  to  thickness  ratio's 
of  order  one.  Thus,  information  is  needed  for  unde rs t and i ng  and  modeling  flows  in  which 
separation  occurs  into  a  wake  bubble  where  the  ratio  of  the  incoming  boundary  layer 
thickness  to  trailing  edge  thickness  varies  from  ap p r ox ima t e l y  0.5  (turbines)  up  to  2  or 
more  (compressors)  -  a  regime  for  which  very  little  data  is  available.  A  program  has 
been  established  at  UTRC  for  a  systematic  study  of  this  problem  area  with  initial 
efforts  focused  on  the  flow  off  a  circular  trailing  edge.  Paterson  (Refs.  31  and  34) 
presents  the  first  such  results  employing  the  test  configurations  typified  by  that  of 
Figure  12.  Here  a  thick  symmetric  flat  plate  model  was  placed  in  a  symmetric  open  jet 
wind  tunnel  to  first  produce  a  turbulent  boundary  layer  trailing  edge  thickness  to 
plate  thickness  ratio  of  1.5,  thus  providing  a  large  scale  simulation  wherein  fine 
spatial  resolution  can  be  assured.  The  program  has  included  detailed  surface  flow 
visualisation,  measurement  of  surface  pressures,  flovfield  total  and  static  pressure 
probing,  extensive  hot  wire  and  laser  velocimetry  definition  of  mean  and  fluctuating 
velocity  fields,  and  in  the  case  of  the  turbine  blade  program  (Ref.  34)  surface  heat 
transfer  studies.  Results  are  shown  in  Figures  13-15  for  the  case  of  symmetric  flow 
with  an  incoming  boundary  layer  thickness  to  the  plate  thickness  ratio  of  1.5  and  a 
velocity  of  approximately  100  ft/sec.  Paterson  encountered  large  scale  periodic 
unsteadiness  in  the  near  wake  region  due  to  unsymmetric  vortex  shedding  at  a  Strouhal 
frequency  of  0.18.  This  caused  difficulty  in  measuring  the  centerline  pressure  level  so 
that  the  wake  levels  shown  in  Figure  13  must  be  considered  tentative  at  this  time.  This 
issue  i 8  discussed  in  more  detail  in  Ref.  34  where  studies  were  conducted  in  an  effort 
to  establish  error  bounds  for  such  massively  fluctuating  flow  fields  -  indicating  levels 
of  up  to  10X  error  in  the  near  wake  regions.  Nonetheless,  a  meaningful  mean  flow  struc¬ 
ture  wa  8  otherwise  definable  for  assessment  of  the  analytical  models  based  on  the  time 
averaged  governing  equations.  Of  immediate  interest  in  the  pressure  distribution  of 
Figure  13  was  the  rather  large  region  over  which  the  trailing  edge  flow  had  significant 
impact.  Not  surprisingly,  it  was  found  that  the  upstream  plate  surface  pressure  began 
to  depart  significantly  from  its  flat  plate  value  6-7  plate  thickness's  upstream  whereas 
the  downstream  extent  was  approximately  2-3  plate  thicknesses  for  an  overall  region  of 
interest  on  the  order  of  10  plate  thicknesses.  The  attendant  displacement  body  shape 
was  shown  in  Figure  9  to  have  undergone  a  rapid  Large  reduction  across  the  trailing  edge 
region  (approximately  60Z)  therein  promoting  the  global  disturbance  to  the  surface  pres¬ 
sure  Levels.  The  pressure  is  seen  to  drop  moni  t  on  i  ca  1 1  y  along  the  surface  up  to  the 
trailing  edge  circle  juncture  point,  whereafter  it  starts  to  rise  in  anticipation  of  the 
trailing  edge  stagnation  point.  This  adverse  pressure  environment  precipitates  quick 
separation  at  an  azimuth  angle  of  approximately  76*  with  a  subsequent  pressure  plateau 
up  to  the  trailing  edge  point.  The  preaaure  drops  rapidly  aft  of  the  trailing  edge  to  a 
minimum  value  at  x/t*0.4  with  a  subsequent  rise  back  to  the  freestream  state.  As 
indicated  in  Figure  14,  the  wake  bubble  itself  is  approximately  one  thickness  long  and 
on  the  order  of  1/2  thickness  wide  with  the  total  viscous  layer  undergoing  some  degree 
of  deflection  out  to  y/t  of  1.0  for  the  entire  region.  The  velocity  profiles  in  the 
strong  interaction  separation  region  were  found  to  display  a  aubscale  structure  not 
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unlike  that  postulated  in  triple  deck  asymptotic  theories  for  laminar  separation.  This 

structure  is  clearly  seen  in  Figure  15  where  the  velocity  profiles  in  the  separation 

region  of  Figure  14  are  presented  on  a  common  axis  system.  Note  that  the  flow  above  the 
height  of  the  original  surface*  undergoes  very  little  change  in  the  axial  direction 
acting  more  like  a  rotational  inviscid  region,  while  the  majority  of  the  viscous  induced 
profile  alterations  absorbed  occur  in  the  lower  portion  of  the  layer  as  flow  entrainment 
serves  to  fill  in  the  bottom  of  the  layer.  Such  mean  flow  behavior  gives  considerable 
encouragement  to  analytical  modeling  thrusts.  Additional  studies  of  such  trailing  edge 
flows  are  continuing  (Ref.  34)  with  emphasis  on  establising  benchmark  data  bases  for 

developing  and  assessing  analytical  techniques  for  representing  the  aerodynamics  and 
heat  transfer  characteristics  of  such  flows. 

The  second  class  of  problems  being  addressed  in  the  experimental  program  is  that  of 
surface  separations  as  depicted  in  Figure  1,  with  programs  focused  on  the  leading  edge, 
shock  wave  induced,  and  cove  type  separation  bubbles  currently  underway  at  UTRC. 

Initial  emphasis  has  been  placed  on  cove  type  bubbles  where  the  boundary  layer  is 
turbulent  through  the  entire  low  speed  interaction  region.  For  this  case  the  UTRC 
Boundary  Layer  Wind  Tunnel  previously  used  extensively  for  attached  boundary  layer 
studies  (Refs.  35-36)  has  been  configured  to  produce  a  two  dimensional  separation  bubble 
on  a  flat  surface  (see  Patrick  and  Paterson,  Ref-  37  for  details).  Figure  16  presents  a 
schematic  of  this  closed  circuit  wind  tunnel  which  has  a  test  section  approximately  9 
feet  long,  34  inches  wide  and  12  inches  high.  The  flow  is  continuously  filtered  (to 
allow  use  of  LV  seeding),  cooled  (to  maintain  constant  stagnation  conditions)  and  its 
turbulence  level  controlled  (using  inlet  screens  and  square-bar  grids)  for  delivery  to 
the  test  section.  For  the  current  study,  a  region  of  controlled  diffusion  followed  by  a 
region  of  acceleration  was  used  to  generate  a  closed  separation  bubble  on  the  upper  test 
plate  -  making  extensive  use  of  boundary  layer  bleed  slots  to  keep  the  flow  attached  on 
the  diffuser  and  side  walls.  Data  acquired  along  the  tunnel  centerline  plane  provide  an 
accurate  benchmark  data  base  for  assessment  of  codes  that  solve  the  two  dimensional  time 
averaged  governing  equations.  Extensive  flow  visualization  (e.g.,  three  dimensional 
tuft  arrays  and  smoke)  was  employed  to  establish  the  level  of  centerline  two  dimension¬ 
ality.  Add i t iona  l  l  v ,  off  centerline  surface  pressures  and  field  values  of  transverse 
velocities  were  measured,  both  giving  strong  evidence  that  the  measured  field  repre¬ 
sented  a  benchmark  two  dimensional  test  case. 

The  resulting  smoke  streamline  traces  and  attendant  surface  pressure  levels  are 
shown  in  Figure  17.  Here  it  is  seen  that  the  separation  bubble  length  is  approximately 
20  inches  with  a  height  of  3  inches.  The  impact  of  boundary  layer  bleed  employed  to 
maintain  forward  flow  at  the  upper  wall  is  evident,  and  it  is  anticipated  that  calcula¬ 
tions  will  be  performed  using  an  outer  streamline  shape  that  enters  the  field  at  a 
height  of  4  inches.  Note  that  while  a  significant  degree  of  turbulence  was  observed  in 
these  tests,  none  the  less,  clearly  discernable  time  averaged  streamlines  where  quite 
distinctive  and  /ell  defined.  The  only  exception  to  this  was  near  re a t t ac hme n t ,  where 
as  indicated  by  the  dashed  lines  near  the  40  inch  station,  the  exact  flow  structure  was 
difficult  to  define.  The  surface  pressure  distribution  under  the  separation  bubble  is 
also  given  in  Figure  17  (see  Ref.  37  for  other  flow  quantities)  where  it  is  seen  that  a 
distinctive  plateau  occurs  over  the  entire  length  of  the  bubble,  with  the  expected  rise 
in  pressure  through  reattachment  before  the  flow  accelerates  to  its  downstream  state. 
These  pressure  measurement s  in  addition  to  their  companion  mean  and  fluctuating  velocity 
fields  are  now  being  employed  for  assessing  analytical  models  of  separation  phenomenon. 

CONDLUDING  REMARKS 

The  overall  problem  being  addressed  is  that  of  separated  flow  in  an  effort  to 
better  understand  the  fundamental  mechanisms  controlling  this  phenomenon  and  ultimately 
improve  the  design  analysis  of  turbomachinery  components.  To  this  end  a  combined 
analytical  and  experimental  program  has  been  conducted  to  extend  and  refine  the  inter¬ 
acting  boundary  layer  concept  for  use  in  a  wide  class  of  blade  type  separated  flows. 
From  these  results  it  was  concluded  that  virtually  all  such  effects  as  mid-bubble  tran¬ 
sition,  shock  wave  penetration,  trailing  edge  separation,  and  blunt  base  effects  can  be 
comprehended  within  such  an  analytical  framework.  Initiation  of  a  program  to  establish 
benchmark  experimental  data  bases  for  guiding  and  assessing  such  modeling  has  begun  and 
will  play  a  major  role  in  the  next  critical  phase  of  effort. 
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Figure  1  Blade  Separation  Sites  Figure  2  Localized  Interaction  Region  Model 


Figure  3  Shear  Layer  Coordinate  System  Figure  4  Transonic/Shock- Wave/Boundary  Layer 

Interaction  Model 


Figure  6  Channel  Flow  Transitional  Separation  Bubble 


Figure  5  Transitional  Separation 


9-12 


-t-  B.L. 

0  3m  TRIPS 


trailing  EDGE  OETAIL 


- 10  48m 


'-REMOVABLE  RAMP 
OPEN-JET  CHAMBER 


Figure  12  Blunt  Trailing  Edge  Experimental  Set-up 


Figure  13  Blunt  Trailing  Edge  Pressure  Distributions 
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Figure  14  Blunt  Trailing  Edge  Velocity  Vectors 


Figure  15  Blunt  Trailing  Edge  Near  Wake  Velocity  Profiles 
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Figure  16  Surface  Separation  Experimental  Set-up 


Figure  17  Surface  Separation  Pressure  and  Streamlines 
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DISCUSSION 


K.Papailiou,  Gr 

( 1 )  Are  you  using  as  S-direction  the  real  flow  direction  or  the  inviscid  flow  one? 

(2)  Is  the  normal  static  pressure  distribution  of  the  inviscid  flow  different  from  the  viscous  one  in  other  than  the 
turbulent  normal  fluctuation  terms? 

(3)  What  is  the  importance  of  the  curvature  terms  in  the  equations? 

Author's  Reply 

( 1 )  The  S-direction  used  in  these  coordinates  attempts  to  align  as  closely  as  possible  with  the  true  (vs  inviscid) 
flow  direction. 

(2)  The  normal  pressure  variation  identified  in  this  work  is  that  due  to  convective  terms  -  not  the  turbulent 
normal  fluctuation  terms. 

(3)  For  the  high  Reynolds  numbers  of  interest  in  turbomachinery,  the  curvature  effects  do  not  appear  to  be 
significant. 
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THE  DEVELOPMENT  OF  UNSTEADY  BOUNDARY  LAYERS  ON  THE 
ROTOR  OF  AN  AXIAL-FLOW  TURBINE 

H.P.  Hodson 
Whittle  Laboratory 
Department  of  Engineering 
University  of  Cambridge ,  U.K. 


The •aerodynamic  efficiency  of  an  axial-flow  turbine  is  significantly  less  than  that 
predicted  by  measurements  made  on  equivalent  cascades  which  operate  with  steady  inflow. 


This  difference  is  strongly  dependent  upon  the  rotor-stator  axial  spacing.  An  experimental 
investigation  ->»ae  therefore  beem-Jiiorfducted  into  the  effects  of  rotor-stator  interactions 
upon  the  efficiency  of  a  large  scale,  low  speed  turbine.  — ft^^omparison  is  made  between 
the’’  performance  of  the  mid-span  section  of  the  rotor  blades  aricl  of  a  rectilinear  cascade 
of  identical  geometry.  Both  wind  tunnels  were  operated  at  a  Reynolds  number  of,3-.-15  x  105 

This  paper  presents  measurements  of  blade  surface  boundary  layers  and  their 
associated  prof ije  losses .  The  profile  loss  of  the  turbine  rotor  at  mid-span  was 
approximately  50.  .percent  v,higher  than  that  of  the  rectilinear  cascade.  The  mean  yelocity 
profiles  of  the  boundary  layers  indicate  that  this  difference  is  mainly  due  to  -the  higher 
growth  rate  of  the  suction  surface  boundary  layer  on  the  turbine  rotor.  The'' time-resolved 
boundary  layer  measurements  indicate  that  the  increased  growth  rate  is  caused  by  <be 
interaction  of  the  wakes  of  the  upstream  nozzle  row  with  the  blade  surface  boundary  layers. 
This  results  in  a  localized  transition  of  the  otherwise  laminar  boundary  layers.  -The 

Boundary  layers  thus  alternate  between  characteristically  laminar  and  turbulent  states 
uring  one  wake  passing  cycle. 


NOMENCLATURE 


A 

Calibration  constant 

U) 

Frequency 

C 

Chord 

u> 

Reduced  frequency  parameter 

E 

Voltage 

A 

Amplitude  of 

H 

h 

k 

Shape  factor 

Enthalpy 

Calibration  constant 

Subscripts 

0 

Stagnation 

Inlet 

Exit 

n 

Calibration  constant 

l 

P 

Static  pressure 

2 

Po 

Stagnation  pressure 

00 

Free  stream 

r 

Radius 

m 

Mean 

Re 

Reynolds  Number 

ps 

Pressure  surface 

rms 

Root-mean-square 

s 

Stator 

s 

Surface  distance 

ss 

Suction  surface 

t 

Time 

turb 

Turbulent 

u,U 

Velocity 

X 

Axial 

U 

m 

Mean  blade  velocity 

y 

Tangential 

X 

Axial  distance 

Superscrip 

ts 

y 

Tangential  distance .distance  from 

Mean 

Phase  locked  average 

Random  component 

Yc 

surface 

Profile  loss  coefficient 

- 

<s » * 

99%  boundary  layer  thickness 

* 

Isentropic 

a* 

Boundary  layer  displacement 

thickness 

9 

Boundary  layer  momentum 

thickness,  angle 

INTRODUCTION 

It  is  well  known  that  rotor-stator  interactions  result  in  a  loss  of  aerodynamic 
efficiency  in  axial  flow  turbines.  One  of  the  first  studies  of  this  was  carried  out 
by  Lopatitskii  et  al  [II.  They  found  that,  depending  upon  the  blade  geometry  and 
Reynolds  number,  the  rotor  profile  loss  in  a  single-stage  machine  was  between  two  and 
four  times  greater  than  that  for  the  same  cascade  operating  with  steady  inlet  conditions. 
They  also  showed  that  the  increased  profile  loss  was  largely  responsible  for  the  "lost" 
efficiency.  Kirillov  et  al  [2]  found  that  the  most  important  parameter  in  determining 
the  profile  loss  was  the  ratio  of  the  maximum  velocity  deficit  in  the  wake  to  the 
convection  speed  of  the  wake.  The  results  of  references  [1],  [2]  and  [3]  show  that  the 
increase  in  profile  loss  was  greatest  for  the  low  Reynolds  Number,  high  reaction  designs. 

Because  the  loss  of  efficiency  is  mainly  caused  by  an  increase  in  the  rotor  profile 
loss,  this  paper  is  concerned  with  the  development  of  rotor  blade  surface  boundary 
layers.  The  ideas  presented  are  essentially  two-dimensional,  but  it  is  acknowledged 
that  secondary  flow  and  tip  leakage  effects  will  contribute  to  the  loss  of  efficiency. 


io-: 


The  development  of  a  boundary  layer  under  the  influence  of  an  unsteady  outer  stream 
was  first  analysed  by  Lighthill  [4],  who  considered  the  response  of  a  two  dimensional 
laminar  boundary  layer  to  a  purely  time  dependent  oscillation  of  low  amplitude  in  the 
free  stream.  Hill  and  Stenning  [5]  found  by  experiment  that  a  laminar  boundary  layer, 
of  the  type  analysed  by  Lighthill,  behaves  linearly  even  for  quite  large  amplitudes  of 
the  free  stream  oscillations.  Karlsson  [6]  showed  that  the  same  was  true  for  turbulent 
boundary  layers.  Patel  considered  the  influence  of  a  convected  disturbance  on  laminar[7] 
and  turbulent  [8]  boundary  layers.  Again,  the  change  in  mean  values,  when  compared  with 
those  for  a  steady  outer  stream,  showed  no  change.  Despard  and  Miller  [9],  however, 
found  that  the  mean  separation  point  will  move  upstream  of  the  steady  state  position  as 
a  result  of  unsteadiness  in  the  outer  flow.  Therefore,  where  separation  does  exist, 
the  unsteadiness  may  result  in  either  a  more  severe  gross  separation  as  in  reference  [10] 
or,  should  reattachment  occur,  a  greater  length  of  the  blade  surface  being  covered  by  a 
turbulent  boundary  layer  [11].  This  does  not,  of  course,  explain  the  results  of  many 
investigators . 

The  linear  behaviour  of  conventional , unsteady ,  laminar  and  turbulent  layers  suggests 
that  the  mechanism  for  the  increased  loss  lies  elsewhere.  Obremski  and  Fejer  [12]  found 
that  the  transition  Reynolds  number  for  a  boundary  layer  subject  to  an  oscillating  outer 
stream  was  dependent  upon  an  unsteady  Reynolds  number  which  was  based  upon  the  amplitude 
and  frequency  of  the  oscillation.  Obremski  and  Morkovin  [13]  provide  a  quasi-steady 
stability  model  in  an  attempt  to  expalin  the  results  of  reference  [12].  Walker  [14]  found 
that  the  transition  occurred  on  the  stator  blade  of  an  axial  flow  compressor,  much  earlier 
than  he  would  have  expected.  The  transition  was  unsteady,  and  was  coupled  to  the  passage 
of  the  rotor  wakes  over  the  blade  surface.  Walker  presented  a  stability  model,  based 
upon  that  of  reference  [13],  to  explain  his  observations.  In  doing  so, he  assumed  that 
the  dominant  factor  in  the  process  was  the  fluctuations  of  the  mean  velocity. 

It  is  well  known  that  free-stream  turbulence  reduces  the  Reynolds  number  for  transition. 
Presumably  with  this  in  mind,  Pfeil  et  al  [15]  rotated  a  cascade  of  cylindrical  bars  in 
front  of  a  flat  plate  boundary  layer,  thus  simulating  the  effect  of  rotor  wakes  upon  stator 
blade  boundary  layers.  They  found  that  the  Reynolds  number  for  transition  was  much 
lower  than  that  predicted  by  the  measurements  of  reference  [12].  The  transition  was 
unsteady,  the  boundary  layer  being  turbulent  in  the  vicinity  of  the  wakes  and  laminar 
between  them.  The  authors  of  reference  [15]  conclude  that  the  stochastic  fluctuations 
within  the  wake  are  probably  the  cause  of  the  differences  between  their  own  observations 
and  those  of  reference  [12]. 

Evans  [16],  like  Walker  [14],  found  that  the  stator  blade  boundary  layer  of  an  axial 
flow  compressor  oscillated  between  a  characteristically  laminar  and  turbulent  condition  in 
sympathy  with  the  passing  of  the  rotor  wakes.  Larguier  et  al  [17]  used  surface  mounted 
thermal  anemometers  to  demonstrate  the  existence  of  unsteady  transition  of  the  type  found 
by  Evans  [16]  and  Dring  et  al  [ 1 8 ]  have  reported  similar  results  for  the. rotor  of  an  axial 
flow  turbine.  Unfortunately,  none  of  these  publications  make  a  comparison  with 
measurements  made  on  the  same  cascade  operating  with  steady  inflow,  so  the  magnitude  of  the 
effect  of  the  unsteady  transition  process  is  unknown. 

EXPERIMENTAL  FACILITIES 

Two  of  the  wind  tunnels  at  the  Whittle  Laboratory  of  Cambridge  University  were  used 
for  the  experiments  in  this  paper.  The  first  is  a  low  speed,  single-stage  axial-flow 
turbine.  The  results  from  this  will  be  compared  with  those  from  a  linear  cascade  wind 

tunnel  with  a  blade  geometry  identical  to  that  of  the  mid-span  of  the  turbine  rotor. 

The  scale  of  both  wind  tunnels  makes  them  particularly  suitable  for  making  detailed 
flow  measurements,  including  boundary  layer  traverses.  The  flow  is  incompressible  and 
both  wind  tunnels  were  operated  at  a  Reynolds  number  of  3.15  x  105  (based  upon  rotor 
mid-span  exit  conditions). 

Linear  Cascade 


The  steady  state  operation  of  the  rotor  mid-span  was  determined  using  a  linear  cascade 
of  identical  geometry.  The  cascade  is  shown  in  Figure  1.  The  seven  blades  have  an 
aspect  ratio  of  3.0  and  the  centre  blade  was  provided  with  static  pressure  tappings  at 
its  mid-span. 

A  traverse  mechanism  was  fitted  with  a  3-hole  cobra  probe  at  one  half  of  an  axial 
chord  downstream  of  the  exit  plane  of  the  cascade.  The  inlet  total  pressure  was  measured 
using  a  conventional  pitot  tube. 

The  turbulence  level  at  inlet  to  the  cascade  was  0.5  percent. 

Single  Stage  Axial  Flow  Turbine 

The  Cambridge  No.  2  rotating  cascade  wind  tunnel  (see  Figure  2),  in  the  configuration 
of  a  single  stage  turbine,  was  first  investigated  by  Hunter  [19]  who  reported  on  the 
secondary  flow  in  the  turbine  as  well  as  establishing  the  operating  point.  In  a  subsequent 
investigation,  Denton  and  Usui  [20]  used  a  tracer  gas  technique  in  the  turbine  to  determine 
the  directions  of  fluid  migration  both  at  the  mid-span  and  near  the  end  walls. 

The  turbine  was  designed  to  be  a  free-vortex  machine  with  zero  swirl  at  the  exit. 
Although  a  50  percent  reaction  design  of  this  type  is  conservative,  the  uniform  and  axial 
velocity  at  inlet  to  the  stage  [19]  requires  that  the  pressure  gradients  satisfy  the 


i 


10-3 


conditions  of  radial  equilibrium  with  no  curvature  in  the  meridional  plane.  References 
[19]  and  [20]  have  shown  this  to  be  the  case. 

The  stage  consists  of  36  stator  blades  followed  by  51  rotor  blades,  with  aspect 
ratios  of  1.5  and  2.0  respectively.  The  hub/tip  ratio  is  0.7.  The  thickness 
distributions  of  the  blades  are  given  in  reference  [21].  They  are  fitted  to  parabolic 
camber  lines  with  maximum  thicknesses  at  ^ 0  percent  chord.  The  measurements  described 
in  this  paper  were  all  performed  at  the  design  condition  of  zero  exit  swirl.  Further 
information  can  be  found  in  Table  I. 


The  importance  of  the  reduced  frequency  parameter  w  is  well  known  in  connection  with 
the  development  of  unsteady  boundary  layers  (see,  for  example,  references  [  ^  ]  -  [9]). 

In  the  case  of  axial-flow  turbomachines,  it  is  useful  to  define  an  "average"  reduced 
frequency  parameter  r 


which, on  substitution  of  the  appropriate  values  for  the  Cambridge  Turbine  (see  Table  I), 
is  equal  to  8.9  at  the  passing  frequency  of  the  stator  blades.  The  flow  over  the 
turbine  rotor  blades  is,  therefore,  unsteady  in  the  true  sense  (i.e.  u  >>  1)  at  a  reduced 
frequency  which  is  typical  of  those  found  in  modern  axial  turbines. 


Fast  Response  Instrumentation 

The  blade-surface  boundary  layers  of  both  the  linear  cascade  and  the  turbine  rotor 
were  traversed  with  a  hot-wire  anemometer.  DISA  55P15  boundary  layer  probes  were  used 
to  make  the  measurements. 


The  hot  wires  were  calibrated  in  a  low  turbulence  wind  tunnel,  A  least-squares-error 
criterion  was  used  to  decide  upon  the  best  fit  for  the  general  form  of  King’s  law 

E2  -  A2  =  kun  (2) 

through  the  calibration  points. 

When  a  heated  element  is  positioned  close  to  a  solid  surface,  an  increase  in  heat 
transfer  occurs.  Equation  (2)  should  therefore  be  modified  when  traversing  boundary  layers. 
In  view  of  its  simplicity,  the  "still  air"  correction  technique  of  Cox  [22]  was  employed. 

This  involved  the  measurement  of  the  heat  transfer  from  the  wire  to  the  blade-surface  in 
still  air  at  the  various  locations  encountered  in  the  experiment.  Equation  (2)  was  then 
altered  to  give 

E2  -  A2  -  C E § ( y )  -  E2,(-)]  =  kun  (3) 

where  the  constants  A,  k  and  n  have  the  same  values  as  in  equation  (2)  and  the  term  in 
the  square  brackets  represents  the  increased  heat  transfer. 

The  rotor-relative  stagnation  pressure  loss  was  measured  using  a  fast  response  pitot 
supplied  by  Gaeltec  Ltd.,  of  the  U. K.  The  pitot's  sensor  consisted  of  a  small  length  of 
1.5  mm  bore  steel  tubing  inside  which  a  strain-gauge  type  pressure  transducer  was  mounted. 

The  cut-off  frequency  of  the  sensor  was  greater  than  10  kHz.  A  reference  pressure,  for 
the  rear  of  the  diaphragm,  was  provided  by  a  conventional  pitot  which  was  located  upstream 
of  the  rotor  blades  at  the  same  radius  as  the  fast  response  pitot.  Allowance  was  made 
for  the  non-linear  response  of  the  conventional  pitot  by  measuring  the  voltage  offset 
with  the  fast  response  pitot  exposed  to  the  same  flow  as  the  conventional  pitot,  upstream 
of  the  rotor  blades.  Centrifugal  loading  of  the  diaphragm  was  also  taken  into  account 
by  this  method. 

In  order  to  determine  the  mass  averaged  loss  coefficient,  it  is  necessary  to  measure 
the  rotor-relative  exit  velocity  distribution.  This  was  achieved  using  a  two-dimensional 
adaptation  of  the  single  sensor  technique  of  Whitfield  et  al  [23].  The  radial  velocity 
was  known  to  be  small  [20].  A  DISA  A5  degree  hot  wire  sensor  (type  55P12)  was  positioned 
so  that  the  probe  support  axis  was  approximately  aligned  with  the  mean  flow  direction  as 
shown  in  Figure  3.  The  corrected  cosine  law  of  Champagne  et  al  [2.14]  was  then  used  to 
describe  the  response  of  the  wire  to  changes  in  the  flow  direction. 

In  making  the  fast  response  measurements  on  the  turbine  rotor,  phase-locked  averaging 
[25]  over  100  revolutions  was  used  to  enhance  the  periodic  variations  within  the  signals. 

If  8.  denotes  the  rotor  position  corresponding  to  the  jth  point  in  the  nth  sample  of  data, 
the  J  nth  raw  signal 


u(j ,n);  j  -  1 ,J  (*0 

can  be  represented  as  the  sum  of  the  ensembled  mean 

100 

u(j)  =  l  u(j,n)  (5) 

n-1 

and  the  random  component  u’(j,n),  viz. 


u(j 


n)  =  u(j)  +  u’  (j  ,n) 


(6) 
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The  time  mean  of  the  signal  is  then  given  by 

l  0(j) 

.  J=1 

u  =  - 

J 


(7) 


is  particularly  useful  since  it  can  be  used  to  identify  regions  of  the 
fluctuations  are  present.  The  mean  root-mean-square 


is  also  useful  in  this  respect. 

Rotor-Relative  Traverse  Mechanism 


(8) 

flow  where  random 


(9) 


The  computer-controlled  mechanism  is  shown  in  Figure  4 .  It  provides  movement,  with 
a  resolution  of  1.8  pm,  in  a  circumferential  direction  over  two  and  a  half  blade  passages, 
both  within  and  downstream  of  the  rotating  blade  row.  Information  is  transferred  between 
the  rotating  and  stationary  frames  of  reference  in  the  form  of  electrical  signals  via 
a  high  quality  24-way  slip  ring  unit. 


It  should  be  noted  that  the  traverse  mechanism  provides  movement  in  the  circumferential 
direction  only.  This  direction  is  not,  in  general,  perpendicular  to  the  blade  surface. 
Therefore,  as  a  probe  traverses  a  blade  surface  boundary  layer,  it  will  have  a  component 
of  displacement  parallel  to  the  surface.  As  a  consequence,  an  error  will  be  introduced 
into  the  measurements  if  the  free-stream  velocity  and/or  the  boundary  layer  profiles  are 
not  constant  over  the  surface  length  of  the  traverse.  On  the  suction  surface,  this 
error  was  apparently  negligible  and  the  boundary  layer  profiles  are  therefore  presented 
"as  measured"  with  the  exception  that  the  distances  have  been  corrected  so  that  they  are 
normal  to  the  blade  surface.  On  the  pressure  surface,  the  high  velocity  gradients  near 
the  trailing  edge  required  that  the  error  be  corrected.  This  is  discussed  in  the 
appropriate  section. 


RESULTS  AND  DISCUSSIONS 
Linear  Cascade 

The  non-dimensional  isentropic  blade-surface  velocity. 


as  defined  by 


(10) 


is  plotted  againdt the  distance  along  the  blade  surfaces  in  Figure  5.  This  shows  that  the 
blade  is  aft  loaded,  with  continuous  acceleration  on  the  pressure  surface  and  only  a  small 
amount  of  diffusion  at  the  rear  of  the  suction  surface. 


Figure  6  presents  the  distributions  of  the  displacement  thickness  5*,  the  momentum 
thickness  8,  and  the  shape  factor  H,  for  the  suction  surface  boundary  layer.  Some  of  the 
velocity  profiles  are  shown  in  Figure  7.  The  results  show  that  over  the  leading  half 
of  the  suction  surface,  the  boundary  layer  is  quite  thin  with  a  shape  factor  which  is 
typical  of  an  accelerated  laminar  boundary  layer.  As  the  boundary  layer  encounters  the 
constant  pressure  region,  the  rate  of  growth  increases  and  the  shape  factor  approaches 
the  value  for  the  Blasius  profile,  i.e.  H  =  2.59.  Beyond  the  pressure  plateau,  the 
unfavourable  pressure  gradient  is  severe  enough  to  cause  the  laminar  boundary  layer  to 
separate  at  78  percent  of  the  surface  distance.  The  separated  layer  does  not  reattach 
(see  Figure  7).  Instead,  the  free  shear  layer  was  found  to  contain  an  instability  which 
coupled  with  the  pressure  surface  boundary  layer  fluid  to  form  a  laminar  vortex  street  with 
a  Strouhal  Number,  based  upon  trailing  edge  thickness  and  the  mean  exit  velocity,  of  0.25. 


Figure  8  presents  the  integral  thicknesses  for  the  pressure  surface  boundary  layer. 
This  shows  that  as  a  result  of  the  continuous  acceleration,  the  integral  thicknesses  remain 
virtually  constant,  with  the  shape  factor  being  typical  of  a  laminar  boundary  layer  which 
has  developed  under  the  influence  of  a  favourable  pressure  gradient. 


The  results  of  the  blade-3urface  static  pressure  measurements  were  used  as  input  data 
for  the  boundary  layer  prediction  scheme  of  Cebeci  and  Carr  [26].  Figure  6  shows  the 
suction  surface  predictions  superimposed  upon  the  measured  values.  The  agreement  is 
excellent  except  in  the  region  of  the  separation,  where  the  analysis  was  provided  with 
relatively  few  data  points  in  a  region  of  rapidly  changing  boundary  layer  parameters. 

The  prediction  does  not  extend  beyond  the  point  of  separation  because  of  the  singularity 
which  then  exists  in  the  boundary  layer  equations.  Figure  8  shows  the  pressure  surface 
predictions.  The  reason  for  the  poor  prediction  on  the  pressure  surface  is  not  understood 
although  the  hot-wire  output  signals  and  surface-flow  visualisation  [27]showed  that  G8rtler 
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vortices,  one  of  the  causes  of  discrepancies  between  measured  and  predicted  boundary  layers, 
did  not  exist. 


The  mass-flow  weighted  loss  coefficient,  as  defined  by 


C  °x<p»i  "  Pi) 

is  plotted  in  Figure  9  for  the  linear  cascade.  Although  only  one  blade  pitch  is  shown, 
the  periodicity  of  the  cascade  was  excellent,  with  only  the  first  and  last  of  the  seven 
blades  showing  any  evidence  of  end  effects.  The  plot  shows  that  the  wake  is  asymmetric, 
being  much  broader  on  the  suction  side.  This  is  presumably  a  result  of  the  separation 
which  occurs  on  the  suction  surface. 


The  mass-averaged  loss  coefficient  of  the  linear  cascade  was  equal  to  0.0180. 

This  compares,  very  favourably,  with  the  value  of  0.0182  which  was  calculated  using  the 
measured  momentum  losses  at  the  trailing  edges  of  the  blade  surfaces  and  equation  (12). 
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The  low  profile  loss  of  these  blades  is  a  direct  result  of  the  large  areas  of  favourable 
pressure  gradients,  the  low  Mach  and  Reynolds  numbers  and  the  small  amount  of  suction 
surface  diffusion. 


Turbine  Rotor 


The  rotor-stator  axial  clearance  was  equal  to  75  percent  of  the  stator  axial  chord. 

At  this  separation,  the  level  of  unsteadiness  in  the  rotor  inflow  which  is  due  to  potential 
interactions  of  the  rotating  and  stationary  blade  rows  will  be  insignificant  when  compared 
with  the  unsteadiness  which  is  generated  by  the  relative  motion  of  the  stator  wakes. 

The  stator  wakes  were  traversed  by  mounting  the  fast  response  pitot  and  hot-wires 
on  the  rotor.  The  traverse  plane  was  located  at  <13  percent  of  the  stator  axial  chord 
downstream  of  the  stator  trailing  edges.  It  is  assumed  that  the  potential  influence 
of  the  rotor  blades  does  not  extend  as  far  upstream  as  the  traverse  plane.  The  results 
of  the  traverse  are  presented  in  Table  II.  They  show  that  there  is  an  incidence  variation 
of  approximately  7.5  degrees  and  a  velocity  deficit  in  the  wake  which  is  equal  to  10.5 
percent  of  the  mean  velocity  in  the  rotating  frame  of  reference. 

The  free-stream  velocities,  adjacent  to  the  blade  surface,  were  measured  during  the 
blade-surface  boundary  layer  traverses.  The  mean  values  are  shown  in  Figure  10, 
aiperimposed  upon  the  linear  cascade  velocity  distribution.  These  measurements  confirm 
that  the  inviscid  flow  at  the  rotor  mid-span  radius  is  two  dimensional. 

The  blade  surface  boundary  layers  have  been  traversed  using  a  hot-wire  anemometer. 

The  discussion  and  conclusions  presented  are  essentially  two  dimensional  since  it  is  known 
[28]  that  radial  migration  is  negligible  within  the  suction  surface  boundary  layer  and 
that  only  a  small  amount  of  radial  outflow  occurs  on  the  pressure  surface. 

Suction  Surface  Boundary  Layer 

The  time-averaged  values  of  the  boundary  layer  integral  parameters  6*, 8  and  H 
have  been  calculated  from  the  time  averaged  velocity  profiles.  They  are  presented, 
for  the  suction  surface,  in  Figure  11. 

Initially,  the  momentum  and  displacement  thicknesses  of  the  suction  surface  boundary 
layer  are  more  typical  of  the  laminar  rather  than  the  turbulent  values.  However,  beyond 
the  start  of  the  pressure  plateu,  the  momentum  loss  increases  at  a  higher  rate  than  in 
either  the  laminar  or  the  turbulent  layers.  At  the  trailing  edge,  the  momentum  thickness 
is  approximately  60  percent  greater  than  that  of  the  laminar  boundary  layer  on  the  linear 
cascade.  There  is  no  separation. 

The  shape  factor  is,  perhaps,  the  best  single  indicator  of  the  state  of  the  boundary 
layer.  Figure  11  shows  that  over  much  of  the  blade  surface,  the  shape  factor  has  a 
value  which  is  mid-way  between  the  limits  of  the  laminar  and  fully  turbulent  boundary 
layers.  In  fact,  the  shape  factor  indicates  that  the  boundary-layer  is  becoming 
increasingly  laminar  between  25  and  50<s  and  that  between  55  and  80Xs,  it  undergoes 
"transition"  so  that  the  shape  factor  at  the  trailing  edge  is  typical  of  a  fully  turbulent 
boundary  layer  in  a  decelerating  flow.  It  is  assumed  that  the  "transition"  process 
begins  soon  after  peak  suction.  If  this  is  so,  the  continued  increase  in  shape  factor 
beyond  this  point  must  be  attributed  to  the  effect  of  the  small  deceleration  which  occurs 
in  this  region. 

Figure  12  shows  the  time  averaged  velocity  and  rms  profiles  of  several  of  the  blade 
surface  boundary  layers.  The  velocity  profiles  clearly  show  the  effects  of  the  initially 
favourable  pressure  gradient  and  the  transition  to  a  more  turbulent  form  following  peak 
suction.  The  increasingly  turbulent  form  of  the  boundary  layers  is  also  reflected  in 
the  rms  profiles.  These  show  that  the  boundary  layer  at  55*  has  a  higher  turbulent 
content  than  that  which  occurs  at  25*s,  although  neither  of  these  profiles  are  as  full  as 
those  normally  associated  with  a  turbulent  boundary  layer.  On  the  other  hand,  the  rms 
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profiles  at  82  and  96?s  are  much  more  representative  of  those  normally  associated  with  a 
turbulent  boundary  layer  although  the  reduction  in  turbulent  content  between  82  and  96?s 
is  not  consistent  with  the  occurrence  of  the  surface  diffusion.  It  should,  perhaps, 
be  pointed  out  that  the  rms  is  only  a  measure  of  the  local  turbulence  intensity.  It  is 
not  equal  to  it.  This  is  because  the  hot-wire  sensors  had  a  sensitivity  to  span-wise 
velocity  fluctuations  which  was  much  less  than  their  sensitivity  to  streamwise  or 
surface-normal  fluctuations. 

Figure  13  presents  the  profiles  of  the  amplitude  and  the  phase  lag  (relative  to  the 
free-stream)  for  the  velocity  fluctuations  which  occur  at  the  blade  passing  frequency. 

The  amplitude  profiles  show  that  the  position  of  maximum  amplitude  is  located  within  the 
boundary  layer  and  that  the  maximum  level  is  typically  2  to  5  times  greater  than  that 
which  occurs  in  the  free-stream.  This  relative  increase  in  the  magnitude  of  the  velocity 
fluctuations  is  much  greater  than  the  8  percent  increase  which  usually  occurs  in  unsteady 
fully  laminar  (e.g.  Hill  and  Stenning  [5])  or  fully  turbulent  boundary  layers  (e.g. 

Karlsson  [6]).  Closer  to  the  surface,  there  is  a  minimum  in  the  amplitude  profiles. 

The  phase  profiles  of  Figure  13  show  that  in  most  of  the  boundary  layer,  the  velocity 
fluctuations  lag  those  in  the  free  stream,  in  some  cases,  by  up  to  180  degrees.  However, 
close  to  the  surface,  there  is  usually  a  rapid  phase  advance  which  is  coincident  with 
the  amplitude  minimum. 

Using  the  velocity  and  rms  traces  of  Figure  14,  it  is  possible  to  explain  the 
observations  made  in  the  above  paragraph  concerning  the  phase  and  amplitude  profiles  of 
the  boundary  layer  which  occurs  at  55?s.  The  velocity  traces  clearly  show  the  increasing 
amplitude  and  phase  lag  in  the  upper  half  of  the  boundary  layer.  They  also  show  that 
between  25  and  10?  S99,  the  velocity  signal  becomes  inverted.  The  start  of  this  inversion 
can  be  seen  in  the  velocity  trace  at  25?  699,  where  the  peaks  have  become  folded  back. 

This  inversion  of  the  velocity  signal  is  coincident  with  the  rapid  phase  advance  and 
amplitude  minimum  which  has  already  been  noted  in  Figure  13. 

Figure  l1)  also  shows  that  the  turbulent  fluctuations  which  are  generated  within  the 
boundary  layer  affect  the  rms  levels  at  y  =  399.  At  75?  699.  the  rms  fluctuations  have 
further  increased  and  at  50  and  25?  S99,  the  rms  wave-form  is  squarer  with  double  peaks. 

At  10?  699  the  wave  form  is  less  square  and  the  double  peaks  are  less  pronounced.  The 
reason  for  this  occurrence  of  the  double  peaks  in  the  rms  signals  is  not  fully  understood. 
However,  it  is  known  that  in  fully  turbulent,  unsteady  boundary  layers  (e.g.  Cousteix  et 
al  (293), the  local  rms  will  fluctuate  at  the  same  frequency  as  the  mean  velocity.  Therefore, 
it  is  possible  that  as  a  result  of  the  large  amplitude  of  the  velocity  fluctuations,  there 
will  be  an  additional  periodic  production  of  turbulence  which  is  out  of  phase  with  the 
free-stream  induced  turbulence.  Such  a  production  could  result  in  the  observed 
distortion  of  the  rms  wave-form. 

In  Figure  14,  it  can  also  be  seen  that  in  the  upper  half  of  the  boundary  layer,  the 
velocity  and  rms  fluctuations  are  in  antiphase  whereas  very  close  to  the  wall,  they  are 
in  phase.  The  change  in  the  relative  phase  of  the  velocity  and  the  rms  fluctuations 
is  very  similar  to  that  observed  by  Pfeil  et  al  (153  in  time-dependent  transitional  boundary 
layers.  The  change  results  from  an  oscillation  of  the  boundary  layer  between 
characteristically  laminar  and  turbulent  profiles,  as  illustrated  in  Figure  15 . 

The  relatively  large  amplitudes  of  the  velocity  fluctuations  within  the  boundary  layer 
at  55?s  are  due,  only  in  part,  to  the  oscillatory  changes  of  state.  It  has  already  been 
noted  that  the  free-stream  velocity  and  the  rms  are  in  anti-phase.  Therefore,  if  it  is 
assumed  that  the  change  of  state  is  controlled  by  the  changing  levels  of  the  free  stream 
turbulence,  it  is  probable  that  the  periodic  velocity  fluctuations  near  the  free-stream  will 
be  in  phase  with  those  generated  by  a  change  of  state.  As  a  result,  they  will  enhance 
those  variations. 

In  addition  to  the  velocity  and  rms  traces.  Figure  14,  also  presents  the  velocity 
profiles  at  four  equally  spaced  time  levels  within  the  cycle  of  the  free-stream  oscillation. 
The  profiles  shown  represent  an  average  for  the  12  periods  shown  in  the  adjacent  velocity 
traces.  These  "instantaneous"  profiles  show  that  the  boundary  layer  is  truly  unsteady, 
that  is,  that  the  profiles  do  not  resemble  the  quasi-steady  profiles  in  Figure  15.  Indeed 
the  increased  phase  lag  of  the  velocity  fluctuations  is  clearly  evident.  This  large  phase 
lag  is  thought  to  be  caused  by  inertial  effects,  since  it  is  known  [28]  that  on  the 
suction  surface,  the  free-stream  velocity  fluctuations  are  much  more  significant  than  the 
static  pressure  fluctuations. 

Figure  16  presents  the  unsteady  velocity  and  rms  traces  for  the  boundary  layer  at 
96?s.  The  velocity  traces  show  that  the  large  phase  shift  and  the  amplitude  minimum  which 
occur  in  the  outer  portion  of  the  boundary  layer  (Figure  13)  are  a  result  of  a  gradual 
inversion  of  the  velocity  signal.  The  velocity  trace  at  75?  699  clearly  shows  the  double 
peaks  which  are  associated  with  this  inversion.  As  a  result  of  the  inversion,  the  velocity 
and  the  rms  fluctuations  are  in  phase  with  each  other  within  the  main  body  of  the  boundary 
layer.  Very  close  to  the  wall,  however,  the  velocity  trace  appears  to  be  about  to  invert 
again. 


Figure  16  also  shows  a  set  of  instantaneous  velocity  profiles  for  the  boundary  layer 
which  occurs  at  96?s.  A  comparison  of  these  profiles  with  those  of  Figure  14  shows  that 
the  boundary  layer  at  96* s  is  much  more  unsteady,  in  the  true  sense,  than  the  boundary 
layer  at  55?s.  This  is  most  surprising,  because,  as  the  time-averaged  results  of  Figure  11 
indicate,  this  boundary  layer  is  supposed  to  be  fully  turbulent.  It  therefore  appears  that 
the  boundary  layer  "remembers"  its  unsteady  history  much  better  than  its  time-averaged 
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development  and  that  because  of  this,  there  is  an  oscillatory  motion  of  a  large  portion 
of  the  boundary  layer  fluid,  relative  to  the  mean  boundary  layer  motion  and  parallel 
to  the  surface,  over  the  entire  length  of  the  suction  surface. 

Pressure  Surface  Boundary  Layer 

It  has  been  noted  that  the  traverse  mechanism  only  provided  curcumferential 
movement  and  that  because  of  this,  the  pressure  surface  traverse  results  are  not  presented 
in  the  "as  measured"  form.  Instead,  the  pressure  surface  boundary  layer  profiles  have 
been  determined  by  spatial  interpolation  between  the  various  traverse  planes.  This  method 
was  successful,  largely  because  the  integral  parameters  6*, 9  and  H  and  the  velocity 
gradient  are  almost  constant  over  the  length  of  the  surface. 

The  calculated  values  of  6*,0  and  H  are  shown  in  Figure  17  for  the  pressure  surface 
boundary  layer.  The  data  points  indicate  the  approximate  positions  of  the  traverses. 

The  linear  cascade  (laminar)  results  are  also  shown.  The  predicted,  fully  turbulent, 
shape  factors  are  shown  to  assist  the  interpretation  of  the  results,  because  even  though 
the  predicted  values  of  6*  and  0  will  be  in  error,  the  shape  factor  will  be  approximately 
correct . 

The  results  indicate  that  the  rotor  pressure  surface  boundary  layer  is  transitional, 
and  that  relaminaraization  is  gradually  taking  place.  Full  "transition",  such  as 
that  which  occurs  on  the  suction  surface,  does  not  take  place.  This  is  presumably  because 
the  levels  of  unsteadiness  (periodic  and  random)  are  much  lower  in  the  free-stream  (see 
Figure  18)  and  because  there  is  a  continuous  acceleration  of  the  boundary  layer  over  the 
entire  length  of  the  surface. 

Figure  17  shows  that  the  measured  values  of  the  displacement  and  momentum  thicknesses 
are  almost  the  same  as  those  on  the  linear  cascade.  In  particular,  the  total  momentum 
losses  are  identical,  which  means  that  the  pressure  surface  makes  no  contribution  to  the 
increase  in  profile  loss  which  is  associated  with  the  wake  generated  unsteadiness.  This 
is  a  little  surprising  because  the  boundary  layer  is  known  to  be  transitional.  It  is 

therefore  thought  that  the  small  increase  in  momentum  loss, which  should  accompany  a 
partial  change  of  state,  is  offset  by  a  thinning  of  the  boundary  layer.  This  would  be 
caused  either  by  three  dimensional  effects,  or  by  the  mixing  of  the  boundary  layer  fluid 
with  the  wake  fluid  and  its  subsequent  migration  away  from  the  pressure  surface  (see  below) 

A  typical  set  of  results  for  the  pressure  surface  boundary  layer  is  shown  in 
Figure  18.  Unlike  the  velocity  profiles,  which  have  been  determined  by  interpolation  , 
the  rms  and  velocity  traces  are  presented  "as  measured".  The  free-stream  fluctuations 
are  smaller  than  those  which  occur  on  the  suction  surface.  These  traces  also  show  that 
in  the  free  stream,  the  periodic  fluctuations  of  the  velocity  and  the  turbulence  in  phase 
with  each  other.  The  outer  portion  of  the  boundary  layer  is  therefore  subjected  to  two 
opposing,  unsteady  shear  forces.  These  are  periodic  variations  of  the  turbulent  and  the 
mean  shear  stresses.  The  latter  tends  to  increase  the  velocity  in  the  boundary  layer 
at  the  same  time  as  the  former  tries  to  reduce  it.  The  net  result  is  that  the 
fluctuations  within  the  boundary  layer  are  proportionately  much  less  than  those  which 
occur  on  the  suction  surface. 

Figure  18  also  shows  that  the  velocity  wave-form  becomes  distorted  near  the  surface. 

This  distortion  must,  in  part,  be  due  to  the  cancellation  effect  which  has  just  been 
described,  but  it  must  also  be  due  to  the  fact  that  on  the  pressure  surface,  the  pressure 
fluctuations  are  not  insignificant  when  compared  to  the  free  stream  velocity  fluctuations 
[28],  which  means  that  near  the  wall,  the  pressure  fluctuations  will  tend  to  dominate  the 
flow,  thereby  resulting  in  the  complex  periodic  wave  forms  of  Figure  18. 

Rotor-Relative  Exit  Flow 

The  rotor-relative  exit  flow  was  determined  by  traversing  at  one  half  of  the  rotor 
axial  chord  downstream  of  the  rotor  trailing  edges.  This  is  the  same  location  as  that 
used  for  the  exit  traverse  of  the  linear  cascade. 

The  mass  flow  averaged  rotor-relative  loss  coefficient  is  given  in  Table  III  together 
with  various  predicted  values.  The  agreement  between  the  measured  loss  and  that  obtained 
using  the  measured  momentum  losses  of  blade  surface  boundary  layers  is  excellent,  which 
suggests  that  there  is  very  little  mixing  loss  as  the  stator  wakes  are  convected  through 
the  rotor  blade  row.  A  comparison  of  these  results  with  those  from  the  linear  cascade 
shows  that  the  profile  loss  of  the  rotor  is  approximately  50  percent  greater  than  that 
of  the  linear  cascade.  The  boundary  layer  results  have  shown  that  this  increase  is  due 
to  the  transitional  and  turbulent  nature  of  the  suction  surface  boundary  layer. 

The  mass-flow  weighted  exit-profile  of  the  rotor-relative  loss  coefficient  is  shown 
in  Figure  19.  A  comparison  of  this  profile  with  that  of  the  linear  cascade  shows  that 
the  rotor  wake  is  more  symmetrical,  narrower  and  deeper  than  that  of  the  linear  cascade. 
These  differences  are  a  result  of  the  differences  in  wake  structure  (there  is  no  separation) 
and  total  loss. 

Figure  19  also  shows  that  the  profile  loss  of  the  rotor  is  not  zero  between  the  wakes. 
Instead,  it  is  positive  on  the  suction  side  of  the  wake  and  negative  on  the  pressure  side. 
This  can  be  explained  using  the  model  of  Meyer  [30].  If  the  stator  wakes  are  considered 
to  be  "negative"  jets  superimposed  on  the  free  stream  (see  Figure  20),  then  it  is  obvious 
that  migration  of  the  stator  wake  fluid  occurs,  relative  to  the  free-stream  fluid,  in  a 
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direction  which  is  aligned  with  the  centre  line  of  the  wake.  This  will  occur  even  when 
a  stator  wake  has  been  cut  by  a  rotor  blade  and  as  a  result,  high  loss  fluid  will  tend 
to  accumulate  on  the  suction  surface.  Adachi  and  Murakami  [31]  have  observed  a  similar 
phenomena  in  an  axial-flow  compressor. 

The  expected  time-histories  of  the  velocities  at  positions  on  the  blade  surfaces 
which  have  experienced  the  passage  of  a  wake  are  also  shown  in  Figure  20.  The  similarity 
between  these  traces  and  the  free-stream  velocity  traces  of  Figures  1*4,  16  and  18  is 
self  evident  although,  in  contrast  to  the  model,  the  pressure  surface  fluctuations  are 
less  than  those  on  the  suction  surface,  presumably  because  the  turbine  rotor  is  not 
a  flat  plate. 

It  is  possible  that  as  the  wake  migrates  towards  the  suction  surface,  it  entrains 
the  pressure-surface  boundary  layer  fluid,  thereby  reducing  the  thickness  of  the  boundary 
layer  on  that  surface.  Similarly,  the  suction  surface  boundary  layer  would  be  thickened. 
It  is  impossible  to  determine  the  extent  to  which  this  happens  but  in  view  of  the  small 
pitchwise  gradient  of  the  loss  coefficient  and  the  radial  out-flow  which  is  known  to 
occur  in  the  pressure  surface  boundary  layer  [28],  it  is  thought  that  this  entrainment  is 
not  responsible  for  the  small  amount  of  thinning  which  has  occurred. 

CONCLUSIONS 


The  aerodynamic  performance  of  the  mid-span  section  of  a  turbine  rotor  has  been 
compared  with  that  of  an  equivalent  linear  cascade  operating  with  steady  inflow.  The 
profile  loss  of  the  rotor  was  found  to  be  50  percent  greater  than  that  of  the  linear 
cascade.  This  increase  is  a  result  of  differences  in  the  blade  surface  boundary  layers. 

On  the  linear  cascade,  the  blade-surface  boundary  layers  were  laminar,  with  a 
separation  point  located  near  the  rear  of  the  suction  surface. 

Over  the  majority  of  the  rotor  suction  surface,  the  boundary  layer  oscillates  between 
characteristically  laminar  and  turbulent  states  in  sympathy  with  the  passage  of  the  stator 
wakes.  As  a  result  of  this  oscillatory  change  of  state  and  because  the  free-stream 
velocity  is  in  anti-phase  with  the  fluctuations  of  free-stream  turbulence,  the  levels  of 
the  velocity  fluctuations  within  the  boundary  layer  are  much  greater  than  those  found 
in  conventional  laminar  [5]  or  turbulent  [6]  unsteady  boundary  layers.  Towards  the  rear 
of  the  rotor  suction  surface,  the  boundary  layer  becomes  mainly  turbulent,  but  even  here, 
there  are  extremely  large  velocity  fluctuations.  As  a  result  of  the  increased  momentum 
transfer  wh-'ch  occurs  in  the  transitional  boundary  layer,  there  is  no  separation. 

On  the  pressure  surface  of  the  rotor,  the  boundary  layer  is  also  transitional,  but 
because  of  the  reduced  levels  of  unsteadiness  and  the  favourable  acceleration  over  the 
entire  surface,  this  boundary  layer  was  much  less  unsteady  and  the  changes  of  state 
were  less  well  defined.  Full  transition  did  not  take  place. 

Early  transition,  induced  by  sinusoidal  variations  of  the  free-stream  velocity  has 
been  observed  by,  for  example,  Obremski  and  Fejer  [12].  However,  the  transition 
Reynolds  number,  predicted  by  their  results  for  the  turbine  rotor,  is  much  greater  than 
the  chord-based  Reynolds  number.  Pfeil  et  al  [15],  whose  results  are  similar  to  those 
presented  here,  made  a  similar  observation.  This  suggests  that  the  unsteady  transitional 
behaviour  is  caused  by  the  periodic  variations  of  the  free  stream  turbulence,  which  were 
absent  from  the  work  of  Obremski  and  Fejer.  It  is,  however,  quite  probable  that  the 
amplification  of  the  velocity  fluctuations  induced  by  the  free-stream  turbulence  is 
dependent  upon  the  amplitude  and  frequency  of  the  mean  velocity  fluctuations,  as  well  as 
the  local  pressure  gradient,  in  the  manner  observed  by  Obremski  and  Fejer. 

The  results  of  references  [1],  [2]  and  [3]  show  that  the  "lost"  efficiency  is  greatest 
in  machines  of  high  reaction  and  low  Reynolds  number.  Such  designs  favour  the  presence 
of  laminar  boundary  layers  over  a  large  portion  of  the  blade  surfaces.  It  is  not 
surprising,  therefore,  that  these  blades  show  the  greatest  increase  in  profile  loss  as 
a  result  of  wake  induced  transition. 
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TABLE  I 


Reynolds  Number 

Speed  (r.p.ro) 

Axial  Velocity  (m/s) 

Stage  Loading,  Ah„/UmJ 

Flow  Coefficient  U  /U 
x  m 

Inlet  Angle  (deg) 

Exit  Angle  (deg) 
Stagger  (deg) 

Chord  (mm) 

Pitch-Chord  ratio 
Aspect  ratio 
Blade  number 
Mean  Radius  (metre) 


Physical  Description 

Stator 
4.20  x  10s 

17.95 


0.0 

65.0 

44.5 

152.4 

0.742 

1.5 

36 

0.647 


Rotor 
3.15  x  105 
530 


1.0 

0.495 

0.0 

-  65.0 
-  44.5 
114.5 
0.697 
2.0 
51 

0.647 


Doss  Coefficient 

5*/pitch 

0/pitch 


H  =  6*/0 
^max  '  Umin 


)/U 


TABLE  II 


Stator  Wake  Parameters  at  43*  Cx 

_  ■  -  '  '  —  —  ■ — - S" 

Downstream  of  the  Stator  Trailing  Edges 


0.0140 

0.0080 

0.0071 

1.27 

0.021 


Absolute  Frame 
of  Reference 


Mean  Incidence  (deg) 

Maximum /Minimum  Incidence  (deg) 

^max 

JFvu 
JF5  /U 

4  max 
U/Uj 


2.1 

4.0/  -  3.5 
0.105 

0.041 

0.095 

0.447 


Rotor-F.elative 
Frame  of  Reference 


TABLE  III _ Loss  Coef ficients.it- 


Linear  Cascade,  Measured  Direct 
Linear  Cascade,  Measured  Boundary 

0.0180 

Layers 

0.0182 

Turbine  Rotor,  Measured  Direct 
Turbine  Rotor,  Measured  Boundary 

0.0270 

Layers 

0.0260 

Turbine  Rotor,  Predicted  Turbulent 
Suction  Surface  +  Measured 
Pressure  Surface 

0.0297 

10-11 


FIGURE  1.  SCHEMATIC  DIAGRAM  OF  THE  FIGURE  2.  SCHEMATIC  DIAGRAM  OF  THE 

LINEAR  CASCADE  SINGLE  STAGE  TURBINE 


FIGURE  3.  ORIENTATION  OF  45  DEGREE  FIGURE  4.  ROTOR  TRAVERSE  MECHANISM 

HOT-WIRE  WITH  RESPECT  TO  THE  MEAN 
FLOW 


PBKBITAOK  AT  MF»CX  OttTMCC 


FIGURE  5  NON-DIMENSIONAL  ISENTROPIC  SURFACE  VELOCITIES 
FOR  THE  LINEAR  CASCADE 
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FIGURE  6  INTEGRAL  PARAMETERS  FOR  THE  FIGURE  8  INTEGRAL  PARAMETERS  FOR  THE 

SUCTION  SURFACE  BOUNDARY  PRESSURE  SURFACE  BOUNDARY  LAYER  OF 

LAYER  OF  THE  LINEAR  CASCADE  THE  LINEAR  CASCADE 


FIGURE  7  VELOCITY  PROFILES  FOR  THE  FIGURE  9  PROFILE  LOSS  FOR  THE  LINEAR 

SUCTION  SURFACE  BOUNDARY  LAYER  CASCADE 

OF  THE  LINEAR  CASCADE 


•Piei 
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FIGURE  10  BLADE-SURFACE  VELOCITY 
DISTRIBUTIONS 


y.  mm. 


FIGURE  12 


8. 


TIME-AVERAGED  VELOCITY  AND  RMS 
PROFILES  FOR  THE  ROTOR  SUCTION- 
SURFACE  BOUNDARY-LAYER 


FIGURE  11  TIME-AVERAGED  INTEGRAL 

PARAMETERS  FOR  THE  ROTOR  SUCTION 
-SURFACE  BOUNDARY-LAYER 


FIGURE  15  SCHEMATIC  REPRESENTATION  OF  UNSTEADY  TRANSITION  (PFEIL  ET  AL  115] ) 


FIGURE  16  UNSTEADY  VELOCITY  PROFILES  AND  PHASE-LOCKED  AVERAGES  OF  THE  VELOCITY  AND 
THE  RMS  FOR  THE  ROTOR  SUCTION-SURFACE  BOUNDARY-LAYER  AT  96%S 
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raaxwa  of  sutftcc  oiownct 


FIGURE  17  TIME-AVERAGED  INTEGRAL  PARAMETERS  FOR  THE  ROTOR  PRESSURE-SURFACE 
BOUNDARY- LAVER 


FIGURE  18  TIME-AVERAGED  VELOCITY  PROFILE  AND  PHASE-LOCKED  AVERAGES  OF  THE 

VELOCITY  AND  THE  RMS  FOR  THE  ROTOR  PRESSURE-SURFACE  BOUNDARY-LAYER 
AT  88%  S 


FIGURE  .19  ROTOR-RELATIVE  LOSS  FIGURE  20  WAKE  DISTORTION  ON  A  TURBINE 

COEFFICIENT  ROTOR  BLADE  (MEYER  [29]) 


DISCUSSION 


G.Winterfeld,  Ge 

If  one  compares  Fig. 16  (for  the  suction  side)  with  Fig. 18  (for  the  pressure  side)  there  is  only  a  very  small  effect  of 
the  unsteady  flow  on  the  hot  wire  signal  at  the  pressure  side.  One  would  expect  that  the  passing  wakes  are  registered 
on  the  pressure  side  with  a  similar  intensity  as  on  the  suction  side.  Could  the  author  please  comment? 

Author’s  Reply 

There  are  several  reasons  as  to  why  the  suction  surface  boundary  layers  are  more  unsteady  than  those  of  the  pressure 
surface.  Firstly,  the  amplitude  of  the  free-stream  velocity  and  pressure  fluctuations  are  much  less  on  the  pressure 
surface  than  on  the  suction  surface.  Secondly,  the  relative  phases  of  the  fluctuations  in  the  free-stream  turbulence 
intensity  and  velocity  are  such  that  on  the  suction  surface,  the  boundary  layer  unsteadiness  is  enhanced,  while  on 
the  pressure  surface,  it  is  suppressed. 
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AERODYNAMIC  COMPUTATION  METHOD  OF  AIRFOIL  CASCADES 
SUBJECTED  TO  VISCOUS  FLOW 

by 
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Via  Diotisaivi  2 

56100  Pisa  -  Italy  y  ■>' 

w ' 

.  r  SUMMARY 

.•<"  .  .  -  T>,s  '' 

A  computational  method  for  the  determination  of  aerodynamic  characteristics  of  airfoil  cascades  sub¬ 
jected  to  viscous  flow  is  presented,  thod  is  based  on  the  determination  of  the  flux  perturbation 

directly  due  to  the  local  continuous  stream  velocity  over  every  single  cascaded  airfoil.  Particular  atten¬ 
tion  is  given  to  the  development  of  a  method  suitable  to  decrease  automatic&i^computation  time  and,  at  the 
same  time,  to  make  possible  versatile  application  to  physical  phenomena  simulation.  Various  comparisons 
with  theoretical  and  experimental  values  carried  out  by  other  authors  confirm  the  validity  of  the  present 
method. 
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LIST  OF  SYMBOLS 


pressure  coefficient  based  on  the  inlet  flow 
characteristics 

-  T/J  p  U2  ,  skin  friction  coefficient 

e 

airfoils  spacing  along  the  cascade  Y  axis 

-  6*/0  ,  shape  factor 

•  (6  -  6*)/Q  ,  Head  shape  factor 

i!  influence  coefficients  of  the  j-th 
segment  vorticity  (expression  2) 

streamline  curvature 
airfoil  total  contour  length 
polygonal  segments  number 
static  pressure 
total  pressure 
source  density 

source  intensity  on  the  j-th  polygonal  node 
curvilinear  coordinate 

U  internal,  external  to  boundary  layer  or 
wake,  velocity  component  parallel  to 
polygonal  segment  or  main  streamline 

induced  complex  conjugate  velocity 

potential,  or  asymptotic  complex  conjugate 
velocity 

angle  between  cascade  Y  axis  and  |w|  velocity 
vortex  density 

vortex  intensity  on  the  j-th  polygonal  node 
boundary  layer  or  wake  thickness 


-  ~)  dn  ,  displacement  thickness 
e 

u 

(1  -  -j“)  dn  ,  momentum  thickness 

e 


v  flow  kinematic  viscosity 

p  flow  density 

£  »  X  +  iY  ,  complex  coordinate  (fig.  3) 

2 

£  -  (P°  -  P°)/iP  | |  ,  total  pressure  loss 

coefficient 

U)  relaxation  factor  to  displacement  thickness 
definition  (expressione  20) 


Subscripts 

0  indisturbate  asymptotic  flow 

1  cascade  asymptotic  inlet  flow 

2  cascade  asymptotic  outlet  flow 

2P  cascade  asymptotic  outlet  potential  flow 

j  polygonal  node  or  segment  number 

e  on  the  boundary  layer  or  wake  edge 

SEP  separation  point 

TE  trailing  edge 

TOT  total 

v  wake 
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X  -  INTRODUCTION 

Over  the  past  several  years  with  the  continuous  increase  of  computers  speed  and  sto rage  capacity  many 
new  methods  to  be  applied  in  automatical  turbomachine  calculations  have  been  developed.  Many  of  them  are 
referred  to  inviscid,  potential,  flow  (see,  i.e..  References  [l  -  5] )  and  may  be  used  in  design  and/or 
study  of:  a)  profile  aerodynamic  characteristics;  b)  number  of  blades;  c)  peripheral  speed;  d)  limits  of 
noise;  e)  number  of  staggers;  etc.. 

However  for  operating  range,  performance  and  optimization  of  machines,  informations  are  required  on: 
a)  Reynolds  number  effect;  b)  pressure  losses;  c)  efficiency;  d)  stalling  incidences,  etc.. 

Therefore  in  an  effort  to  define  such  further  requirements,  methods  which  try  to  resolve  the  full  Navier- 
Stokes  equations  have  also  been  developed  (see,  i.e.,  References  [6  -  8] ) .  In  the  present  time  such  meth¬ 
ods  need  very  large  computing  time  and  therefore  they  may  be  very  expensive.  For  this  reason,  developments 
are  increasing  to  improve  methods  which,  making  use  of  empirical  relations  of  the  existing  boundary  layer 
phenomena  around  airfoil  (see,  i.e..  References  [9,  lo]),  correct,  by  iterative  processes,  the  previous 
inviscid  calculation  (see,  i.e.  References  [ll-16]). 

Because  it  is  approximately  possible:  a)  correlate  three  and  two-dimensional  flow  characteristics 
[17];  b)  transform  by  conformal  mapping  a  radial  cascade  to  a  rectilinear  cascade;  c)  lead  compressible 
flow  field  mathematical  representations  to  incompressible  flow  field  mathematical  representations  1 3} ,  in 
this  paper  the  rectilinear  cascades  in  incompressible  viscous  flow  are  considered. 

The  effects  of  the  flow  viscosity  are  considered  after  determination  of  the  flux  streamlines  pertur¬ 
bation,  due  to  the  boundary  layer  existing  around  every  single  cascade's  airfoil. 

In  the  development  of  the  present  method  particular  attention  has  been  paid  to:  a)  decrease  automat¬ 
ical  computation  time;  b)  be  possible  to  apply  such  method  without  limitations  to  geometrical  cascade 
characteristics;  c)  use  the  computer  program  to  further  simulation  studies  of  physical  phenomena. 


the  local  flux  velocity  on  the  airfoils  contour  may  be  represented 


2  -  INVISCID  SOLUTION 

It  is  known  that  in  potential  flow 
by  continuous  distributed  vorticity  y(*)»  fig*  1* 


Fig.  1  -  Inviscid  representation  of  the  local 
flow  velocity  on  the  airfoil  contour. 


Here  the  method  developed  by  the  author  in  Ref.  [l]  is 
considered. 

Following  this  method  each  cascade's  airfoil  contour  is 
approximate  by  N  consecutive  segments.  The  first  and 
the  last  of  such  segments  contain  the  airfoil  trailing 
edge.  The  numbering  of  the  segments  is  in  a  clockwise 
versus,  fig.  2. 

On  every  j-th  segment  a  linear  variation  of  the 
vorticity  between  the  values  T j  and  that  assumes 

on  the  segment  nodes  is  considered. 

Therefore  in  the  complex  plane  C  -  X  ♦  iY  of  the  cas¬ 
cade,  fig.  3,  it  results  that  the  complex  conjugate 
velocity,  induced  by  the  cascade  infinite  segments  j  in 
a  point  £#  is 


fiv.tt)  -  -■^r[r.  (I?  -  i!)  ♦  r...  I*]  (1) 

J  2tti  1  j  j  j  J+l  J J 


Segment  j 


Fig.  2  -  Geometrical  schematization  of  each 
cascade's  airfoil. 


with 
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...  (l  t-t.-ol 

i!  “  w  j  *  cth(tr - J - )  dt 

}  A  )  A 


and 


(2) 


0  ■  Vi  - 


(3) 


Bain,  So  the  direction  angle  of  the  indieturbsted  velocity  |w  | ,  fig.  7,  in  every  yoint  C  it.  coaplex 


conjugate  value  is 


w0  -  -  i  ! W0!  exp(  i  60) 

Assuming  that  in  the  middle  point  of  each  i-th  airfoil  segment,  the  velocity 


(4) 


N 

|Wil  -  |  »o  +  L  Avil 
j-1  1 

is  parellel  Co  these  N  segments  and  by  the  Kutta  condition  expressed  by 


(5) 


r  +  r 


N+l 


(6) 


♦ 


Y 


the  T.  vorticity  values  are  defined. 

Therefore  the  local  flow  velocity  on  each 
cascade's  airfoil  contour  is  immediately  known 
and  it  is  possible  to  calculate  the  flow  char¬ 
acteristics  on  every  point  of  the  considered 
cascade . 


Fig.  3  -Cascade  plane  and  reference  axis. 


3  ~  VISCOUS  EFFECT 

' — ■  In  the  present  method  the  viscous  effects  are  computed  using  the  Prandtl  stationary  boundary  layer 
siplified  equations  and  boundary  layer  integral  methods. 

As  known,  from  the  airfoil  stagnation  point,  along  the  upper  and  lower  surface,  respectively,  the 
boundary  layer  may  be:  a)  laminar  stable;  b)  laminar  instable;  c)  transitional  from  laminar  to  turbulent; 
d)  turbulent;  e)  separated  from  the  airfoil  contour.  Behind  the  airfoil  it  forms  the  viscous  wake. 

Here  the  above  structures  of  the  boundary  layer  are  represented  as  follows: 

3. 1  -  Laminar  boundary  layer 

The  velocity  profile  in  the  laminar  boundary  layer  is  that  of  van  Karman,  Pohlhausen. 

The  momentum  thickness  is  confuted  by  Walz  method;  so  it  is 
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with  sQ  the  stagnation  point  position. 

The  approximate  test  to  verify  when  the  laminar  boundary  layer  is  stable  or  instable  is  due  to 
Schlichting  [9]  and  it  is  represented  in  fig.  4. 

3.2  -  Transition 

The  transition  phenomenon  from  laminar  to  turbulent  boundary  layer  is  very  complex  and  depends  on 
many  parameters. 

By  any  way,  following  also  a  Schlichting  simple  method,  this  transition  is  assumed  to  exist  when  the 
difference  between  the  Reynolds  number  based  on  the  momentum  thickness,  Rg  ,  and  that  based  on  the  momen¬ 
tum  thickness  at  the  instability  point,  (Rg)inBC»  in  relation  to 
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results  in  the  upper  side  of  the  curve  in  fig.  5. 


Fig.  4  -  Laminar  instability  criterion.  Fig.  5  -  Transition  criterion. 


As  known  at  the  transition  point  the  displacement  thickness  decrease.  Here  its  value  is  computed  as¬ 
suming  the  momentum  thickness  continuity  and  the  boundary  layer  thickness  equilibrium. 

3.3  -  Turbulent  boundary  layer 

After  Smith  [lo]  who  has  examinate  5  turbulent  boundary  layer  methods,  the  better  is  that  of  Trucken- 
drodt  (see  also  pages  574-  579  of  Ref.  [9]). 

After  Scholz  [3]  one  of  the  best  engineering  turbulent  boundary  layer  is  that  of  Head's  entrainment 
method  [l8] .  This  method  has  also  been  applied  to  interference  airfoils  [12] . 

Therefore  the  turbulent  boundary  layer  is  assumed  to  be  represented  by  the  integral  momentum  equation 
and  Head's  entrainment  equation  which,  respectively,  are 
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the  Ludvicg  -  Tillman  relation  of  the  local  akin-  friction  coefficient. 

3.4  -  Separation  and  wake 

Laminar  eaparetion  ia  aaeumed  to  occur  when  during  the  laminar  boundary  layer  computation  reaulta 
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By  experimental  investigations  of  other  authors  it  is  known  (see,  i.e.,  [l9,  20*])  that  if  the  Reynolds 
number  is  greater  than  a  critical  value,  following  a  laminar  separation  the  boundary  layer  may  reattach 
immediately  or  after  a  separated  flow  region,  that  is  a  bubble,  and  continue  to  flow  downstream  as  turbu¬ 
lent. 

Here  this  phenomenon  has  also  been  applied,  considering  coincident  the  laminar  separation  and  the 
reattach- d  points. 

In  turbulent  boundary  layer  the  separation  point  is  more  difficult  to  be  fixed.  Many  authors  corre- 
late  such  point  to  the  shape  factor  value,  H.  In  this  paper  it  is  assumed  the  criterion  of  Simpson  [2l]  . 
Following  this  criterion  it  is 
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Therefore  with  the  assumed  Head  relation  between  H*  and  H 


equation  (10  -  a),  results 
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From  the  separated  point  to  the  trailing  edge,  the  shape  factor,  H  ,  is  assumed  to  be  frozen  at  the 
costant  value  Hg^p.  In  this  case  it  is  also  assumed  Cf  *  0.  So,  because  it  is  known  that  the  pressure  remain 
constant  in  the  flow  separated  region,  from  the  equation  (9  -  a)  results 


6(s)  -  esgp  (14) 

At  the  trailing  edge  the  boundary  layers  coming  from  the  upper  and  lower  airfoil  surfaces,  are  mixed 
and  flow  donvnstream  as  a  viscous  wake. 

In  the  present  method,  the  wakes  of  the  cascade  airfoil  are  modeled  by  the  same  turbulent  boundary 
layer  representation  of  Head. 


4  -  INVTSCID  FLOW  PERTURBATION  DUE  TO  VISCOUS  EFFECTS 

The  effect  of  the  boundary  layer  displacement  thickness,  <5*,  around  the  cascade  airfoils  is  perturb¬ 
ing  the  inviscid  flow  which  exists  if  this  boundary  layer  is  assent. 

At  least  there  are  two  simple  methods  of  defining,  iteratively,  the  perturbed  inviscid  flow:  the 
displacement  surface  method  and  the  surface  transpiration  method. 

In  the  first  method  the  airfoil  countour  and,  some  times,  its  wake  thickness  are  changed  by  sunning 
the  displacement  thickness  which  results  from  the  previous  inviscid  calculation.  So  that  the  inviscid 
calculation  is  repeated  to  this  new  fictitious  contour, 

In  the  second  method,  along  the  airfoil  contour  and  its  wake  mean  streamline,  a  normal  velocity  is 
assumed  to  give  the  displacement  thickness  perturbation  effect  to  the  inviscid  flow  around  the  real  con¬ 
tour. 

Many  numerical  applications  of  other  authors  to  isolate  and  interference  airfoils  (see,  i.e.  £14-16]) 
confirm  the  quasi  -  insensibility  of  the  obtained  results  with  the  first  or  with  the  second  method  used. 

But  in  automatical  calculation  the  second  method  needs  much  less  computing  time.  Therefore  the  above  sec¬ 
ond  method  is  here  used. 

Because  a  distributed  normal  velocity  to  a  discontinuity  contour  is  identical  to  a  sources  distribu¬ 
tion  along  this  contour,  on  the  cascade  airfoil  surfaces  and  wakes  a  continuous  distribution  of  sources 
q(§)  ,  is  joint  to  the  y(«)  vorticity  (see  fig.  1)  as  it  is  illustrate  in  fig.  6. 


Fig.  6  -  Viscid  representation  of  the  local  flow  velocity  on  the 
airfoil  contour  and  wake. 
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Following  therefore  the  schematization  made  for  the  inviscid  solution,  on  every  j-th  segment  it  is 
assumed  a  linear  variation  of  the  sources  between  the  values  Qj  and  Qj+i  that  they  assume  on  the  segment 
nodes. 

The  intensity  of  the  sources  on  the  j-th  polygonal  node,  fig.  2,  is 


Q.  -  d(U  6#),/ds  (14) 

J  e  J 


where  Ue  is  the  component  of  the  flow  velocity,  parallel  to  the  airfoil  contour  and  on  its  boundary  layer 
edge. 

With  this  distribution  of  sources  the  incremental  complex  conjugate  velocity,  induced  by  the  cascade 
segments  j  in  a  point  C,  fig.  3,  is 


av*(o-^[q.  1]] 


with  the  lj  and  Ij  expressed  by  the  (2). 
Consequently  the  (5)  is  modified  to  the 
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Besides,  the  wake  mean  streamline  of  each  cascade's  airfoil  is  assumed  to  flow  from  the  airfoil  trail¬ 
ing  edge  and  it  is  represented  by  consecutive  linear  segments. 

On  each  of  these  segments,  linear  distributions  of  vortices  and  sources,  as  on  the  airfoil  contour,  are 
considered. 

The  source  intensities 


q.  (s  )  -  d  (U  «*)  lit  (17) 

w  w  e  w  w 

represent  the  viscous  wake  displacement  thickness  effects. 

The  vortex  intensities 


(s  )  -  -  k  U 

v  w  w  ew 
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(18) 


with  k^  the  wake  mean  streamline  curvature,  represent  the  viscous  curvature  effects. 

For  the  isq>osition  (6)  and  because  st  the  trailing  edge  k  may  be  very  high,  along  each  airfoil  con¬ 
tour  it  is  distributed  the  incremental  vorticity 

&y(t)  -  [  1  -  2  .  j-  ]  .  [  2  -  2  /l-  j-  -  j-  ]  Ar„  (19) 

with  lt  the  total  length  airfoil  contour  and  with  the  quantities  ATj  and  LT  to  verify:  the  equation  (18) 
at  the  airfoil  trailing  edges  and  the  iaq>osition  that  the  pressures  on  the  upper  and  lower  boundary  edges 
at  the  airfoil  trailing  edges  are  the  same. 

Therefore  the  above  distributions  induce  a  velocity  which  is  suHBd  to  that  in  equation  (16). 


5  -  COMPUTING  ALGORITHM 

An  iterative  procedure  of  the  inviscid  flow  perturbation  due  to  the  viscous  effects  is  applied  to  pro 
vide  the  convergence  of  the  boundary  layer  displacement  thickness  as  follow: 

a)  the  inviscid  potential  flow  solution  is  obtained; 

b)  the  strealines  flowing  from  the  cascade  airfoil  trailing  edges  aim  defined; 

c)  by  means  of  the  boundary  layer  solution,  described  in  the  preceding  pages,  the  displacement  thickness 
is  co^utsd; 
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d)  the  sources  along  the  airfoil  surfaces  and  the  sources  and  vortices  along  the  wakes  are  defined; 

e)  the  unknown  and  ATa  are  computed  and  the  incremental  vorticity  expresed  by  the  relation  (19)  is 
considered; 

f)  the  unknown  vortex  intensities  V.  are  computed  assuming  the  local  flow  in  the  middle  of  each  j-th  seg¬ 
ment  to  have  on  this  a  normal  component  equal  to  (Q^  ♦  /  2; 

g)  the  above  procedure  is  repeated  from  voice  c),  until  a  prescripted  convergence  of  the  displacement  thick¬ 
ness  6*  is  reached. 

To  accelerate  the  convergence  it  has  been  found  useful  the  relaxation  to  the  displacement  thickness 

6*  -  uS*  ♦  (  1  -  w>«*  ) 

new  old  (20) 

with  CD  ^  1  l 

Further,  to  decrease  the  computing  time  the  following  expedients  have  been  used: 

a)  the  system  of  the  N+l  linear  equations  V.  is  solved  inverting  the  influence  matrix  only  the  first  time 
by  standard  Gauss  -  Jordan  method; 

b)  the  numerical  integration  of  equation  (2  -  b)  is  provided  by  simple  trapezoidal  rule.  During  this  inte¬ 
gration  when  the  induced  point  belongs  to  the  inducent  segment,  the  equation  (2  -  b)  is  substituted  by 
the  relation  [ij 


■|(Tr)!l(Tr)2-‘]-‘|  fW>* 


with  0  <  e  <  10  J 

c)  the  nur^rical  integration  of  the  differential  equations  system  (9)  is  obtained  by  the  first  order  Euler 
pred’ctor  -  corrector  technique; 

d)  i*.  the  6*  calculation,  far  from  the  flow  separated  points,  the  velocities  are  assumed  to  be  those  on 
the  airfoil  surfaces; 

e)  the  curvature  effects  of  the  airfoil  surfaces  are  neglected. 

6  -  CASCADE  AERODYNAMIC  CHARACTERISTICS 

When  the  convergence  is  reached  the  flow  field  in  the  cascade  airfoils  is  everywhere  known. 

In  the  infinite  upstream  and  in  the  infinite  downstream  of  the  cascade,  the  complex  conjugate  veloci¬ 
ties  result 
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with  T _  and  Q  ^  the  integrals  of  the  vortices  and  sources  along  the  airfoil  contour  and  wake. 

TOT  TOT 

Far  downstream  the  flow  is  completely  mixed.  Therefore  it  results  [3,  22,  23] 
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with 


A  -  (6*)  /  (  d  sin  8 ._  ) 

w  »  IE  2P 


B  -  (  8  )_  /  (  d  sin  8  „  ) 
w  w  TE  2P 


and  ,  B2p  and  Bj  the  angles  represented  in  fig.  7. 


(24) 


Fig.  7  -  Asyngjtotieal  flow  directions. 


The  pressure  coefficient  along  the  airfoil  contours  is  calculated  by  the  relation 
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The  forces  and  moments  on  each  airfoil  are  obtained  integrating  the  (25)  on  the  airfoil  contour. 


7  -  APPLICATIONS  AND  RESULTS  COMPARISON 

In  fig.  8  there  are  presented  three  inviscid  solutions  obtained  by  the  method  of  Ref.  [l]  which  is  the 
the  base  of  the  present  developed  one.  Those  solutions  where  reached  describing  the  cascade  airfoils  by 
N  -  50  segments.  As  can  be  seen,  those  inviscid  solutions  are  better  than  an  other  theoretical  one  but  do 
not  agree  very  well  with  the  experimental  values  near  the  airfoil  trailing  edges  where  the  boundary  layers 
are  thick. 

Applicating  the  present  method  to  the  same  cascade  NACA  8410  airfoils,  with  the  same  schematization, 

N  *  50  and  the  wake  main  streamline  descripted  by  15  straight  elements,  in  figures,  respectively,  9,  10  and 
11  it  may  be  denoted:  the  importance  of  a  better  simulation  of  the  cascade  in  a  real  viscous  flow  and  the 
present  method  accuracy. 

In  such  figures  and  the  following  there  are  also  represented  the  main  cascade  characteristics  which  may  be 
cosputed  by  this  method.  Unfortunately  it  has  not  been  possible  a  comparison  of  the  boundary  layer  obtained 
characteristics  and  so  the  accuracy  of  the  method  has  been  conducted  only  through  comparisons  of  the  pre¬ 
dicted  pressure  coefficient  values  along  the  cascade  airfoil  contours. 

At  least,  in  fig.  12  it  is  represented  the  solution  of  the  above  cascade  airfoils  in  separated  flow 
near  the  trailing  edges.  The  comparison  of  those  obtained  results  with  experimental  values  continuous  to 
be  satisfactory. 

In  figures  13  and  14  there  are  illustrated  the  obtained  results  of  a  cascade  NACA  0010  airfoils.  The 
comparison  of  such  results  with  experimental  values  confirm,  again,  the  validity  of  the  present  method. 

The  above  results  are  obtained  with  a  program  written  in  FORTRAN  IV  for  an  IBM  360/168  series  machine. 

The  convergence  is  reached  after  less  than  4  cycles. 

The  running  times  are:  1.67  seconds  for  the  beginning  of  the  calculations;  8.43  seconds  for  each  itera¬ 
tive  cycle  and  18.97  seconds  for  the  confuting  cascade  characteristics. 


8  -  CONCLUSIONS 

The  present  method  is  an  efficient  computable  one,  specially  for  attached  flow,  which  provides  in 
short  computing  time,  many  cascade  airfoil  characteristics  in  incompressible  viscous  flow. 
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The  computing  algorithm  allows  to  modify  or  substitute  any  single  computing  step  method  without  chang 
ing  the  main  program  philosophy  structure.  Therefor  it  is  possible  to  use  this  program  for  better  or  fur¬ 
ther  cascade  airfoils  physical  phenomena  simulation. 

The  ratio  computing  time  /  number  of  cases  to  study,  decreases  as  this  number  of  cases,  that  is  the 
considered  cascade  airfoils  operational  conditions,  increase. 

Although  the  results  of  the  local  pressure  coefficients  along  the  airfoil  contours  reasonably  agree 
with  the  experimental  ones  and  confirm  the  method  validity,  they  may  be  more  optimizated.  Also,  further 
comparisons  between  the  obtained  results  and  the  experimental  values  of  the  airfoils'  boundary  layer  and 
wake  characteristics,  may  be  useful  for  optimizing  the  boundary  layer  integral  methods. 
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DISCUSSION 


Ph.Ramette,  Fr 

To  what  extent  can  the  curvature  of  the  airfoils  be  neglected,  especially  in  the  case  of  turbine  airfoils  for  which 
the  curvature  is  important? 

Author's  Reply 

The  airfoil  curvature  is  high  near  the  airfoil  leading  edge.  In  that  region  the  boundary  layer  is  very  thin.  Therefore, 
along  the  airfoil  contour  its  curvature  effect  may  be  neglected. 

At  the  trailing  edge  of  the  cascade  airfoils  the  wake  curvatures  are  very  high  and  at  the  same  time  the  boundary 
layer  at  that  point  is  also  high.  So  the  wake  curvature  of  the  cascade  airfoils  cannot  be  neglected.  This  is  the  reason 
for  using  the  incremental  vorticity  represented  by  Equation  ( 1 9)  of  my  paper. 

Also,  as  it  is  written  in  my  paper,  the  computing  algorithm  allows  the  modification  or  substitution  of  any  single 
computing  step  method  without  changing  the  main  program  philosophy  structure.  Therefore,  it  is  possible  to  see 
the  airfoil  curvature  effect  on  the  development  boundary  layer  and  on  the  pressure  coefficient,  which,  as  shown  in 
the  paper,  agree  well  with  the  experimental  values,  even  though  the  effect  of  the  airfoil  contour  curvature  has  been 
neglected. 


H-J.Lichtfuss,  Ge 

You  have  shown  some  remarkable  agreement  between  computation  and  experiment.  My  question  is:  Have  you  also 
calculated  the  overall  loss  and  the  outlet  flow  angle  and  have  you  compared  them  to  experimental  values? 

Author’s  Reply 

Yes,  In  all  my  calculations  and  in  all  the  results  I  illustrated  in  my  paper,  you  can  find  the  values  of  the  outlet  flow 
angle,  P2 ,  and  the  total-pressure-loss  coefficient,  Jv  .  I  have  not  been  able  to  make  as  good  comparisons  as  those 
values  made  to  the  pressure  coefficients.  I  only  can  say  that  the  total-pressure-loss  coefficients  agree  with  some 
results  presented  by  Schljchting  and  Scholz  in  References,  respectively  19]  and  [3]  of  my  paper. 
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SUMMARY 

-■'^An  integral  equation  method  is  presented  for  solution  of  the  Navier  Stokes  equations 
for  stalling  aerofoil,  cascade  or  bluff  body  flows.  Vorticity  created  at  the  aerofoil 
or  body  surface  at  each  time  step  of  a  numerical  procedure,  is  diffused  into  the  main¬ 
stream  and  convected  by  the  local  velocity  vector.  Viscous  diffusion  is  simulated  by  a 
model  akin  to  Brownian  motion  whereby  all  shed  vorticity  elements  are  given  random 
displacements  at  each  time  step.  Solutions  are  shown  for  boundary  layers,  bluff  bodies, 
aerofoils  and  a  first  attempt  at  a  cascade. 

Notation 


c 

Circulation 

vs 

Surface  velocity 

cl 

Lift  coefficient 

Woo 

f  Woo 

Velocity  (and  vector  velocity 

CD 

Drag  coefficient 

at  infinity 

i 

Integer 

x»: 

Y 

Cartesian  coordinates 

i 

Unit  vector 

Y<s) 

Surface  vorticity 

j 

Integer 

ArN 

Free  vorticity  element  shed 

R(sn» sra) 

Coupling  coefficient  of  surface 

at  Nth  time  step 

vorticity  element 

r 

Point  vortex 

l 

Aerofoil  chord 

e 

Small  distance 

L(N,m) 

Coupling  coefficient  of  free 

8 

Profile  slope,  polar 

vorticity  element  shed  at 

coordinate 

Nth  time  step 

V 

Kinematic  viscosity 

M,n 

Integers 

P 

Density 

Mi 

Random  number 

u> 

Vorticity  vector 

N,n 

Integers 

Ni 

Random  number 

P 

Static  pressure,  probability 

Suffixes 

function 

Po 

Stagnation  pressure 

a 

At  time  t 

P 

Probability  function 

b 

At  time  t  +  At 

Pi 

Random  number 

*1 

q 

Velocity  vector 

J 

► 

Integers 

Qi 

Random  number 

n  J 

r ,  9 

Polar  coordinates 

o 

Stagnation  conditions 

Re 

Reynolds  Number 

P 

Sharp  edged  separation  point 

s 

Distance  along  a  surface 

t 

At  time  t 

t 

Time 

00 

At  infinity 

At 

Finite  time  step 

“l 

Velocity  components  in 

VJ 

(x,y)  plane 

Velocity  components  at  sm  due  to 

V(sm,sn)J 

a  unit  vortex  at  sn 

uaNl 

vaN  J 

Drift  velocity  components. 

va,  vb 

Drift  velocity  vectors 

■. 


1 . 0  Introduction 


Since  the  early  days  of  aviation  it  has  been  well  understood  that  vortex  motions 
exercise  a  crucial  influence  upon  the  behaviour  of  aerofoils  or  other  rotor-dynamic 
devices.  Traditionally  vortex  motions  within  the  boundary  layers  have  been  regarded  as 
fundamentally  different  in  origin  and  nature  from  vortex  motions  associated  with  the 
fluid  machine  taken  as  a  whole  including,  for  example,  bound  vorticity  giving  rise  to 
lift  and  trailing  vorticity  systems  associated  with  form  drag.  In  the  last  two  decades 
these  separate  branches  of  study  have  advanced  possibly  to  their  individual  limits  and 
as  far  as  it  may  be  reasonable  to  take  them,  bearing  in  mind  that  in  reality  we  may  not 
be  entitled  in  many  cases  to  consider  them  in  isolation.  As  will  appear  from  this  paper, 
all  vortex  motions  originate  from  the  same  source. 

During  this  same  period,  encouraged  by  rapid  developments  in  computing,  many 
research  workers  have  therefore  applied  themselves  to  the  numerical  analysis  of  complete 
flows  by  appealing  directly  to  the  Navier  Stokes  equations  which  in  vector  form  may  be 
expressed 

■|3  +  q.Vq  =  -^  +  vV2q  (1) 

Reading  from  left  to  right  we  are  reminded  that  unsteadiness  and  convections  in  the 
flow  are  inextricably  bound  up  with  pressure  gradients  and  shear  stresses  brought  about 
through  viscosity.  A  form  more  suitable  to  the  present  application  is  as  follows. 

|f  “  <1  x  u  - - f  +  vV2q  (2) 

Most  attempts  to  solve  these  equations  have  grown  from  the  first  generation 
computer  finite  difference  or  other  field  mesh  schemes,  suitable  for  treating  flows 
within  closed  regions  such  as  ducts.  Only  recently  have  there  been  major  attempts  to 
solve  the  Navier  Stokes  equations  for  predominantly  external  flows  with  particular 
interest  in  separated  flow  regimes.  In  most  of  these  studies  of  bluff  body  or  stalling 
flows  viscous  diffusion  has  been  ignored,  requiring  therefore  human  specification  of 
the  separation  point  locations  and  criteria.  Furthermore,  so  far  as  the  authors  are 
aware,  work  in  this  field  has  been  limited  to  bodies  of  restricted  shape,  such  as 
circular  cylinders,  flat  plates  and  wedges,  for  which  simple  classical  models  can  be 
devised.  Mair  and  MaulltD  reported  on  much  of  this  work  as  surveyed  in  1971  by 
'Euromech  17'  in  relation  to  vortex  shedding  from  bluff  bodies.  Bearman  and  Graham!2) 
more  recently  reported  on  'Euromech  119'  which  updated  this  review  to  1979.  Notable 
too  are  the  contributions  of  Chorin(3)  (4)  who  developed  almost  identical  techniques  t~ 
Porthouse(5)  for  simulation  of  viscous  diffusion,  a  method  similar  to  Brownian  motion 
which  will  be  explained  here  in  Appendix  I. 

Lewis!6)  established  an  integral  equation  method  for  inviscid  separated  flows  past 
bodies  of  two-dimensional  but  otherwise  arbitrary  shape,  reviewed  in  section  (2.0).  The 
major  special  contributions  of  this  and  the  authors'  subsequent  work  as  compared  with 
other  workers  have  been  (a)  to  avoid  the  restrictions  of  classical  boundary  modelling 
and  to  maintain  the  maximum  generality  possible  and  (b)  to  account  for  all  terms  in  the 
Navier  Stokes  equations  including  both  the  unsteady  and  viscous  terms.  In  other  words, 
a  direct  simulation  of  real  (but  two-dimensional)  flows  for  arbitrary  body  shapes  has 
been  attempted.  As  explained  in  reference  (7)  and  section  (4.2),  a  further  important 
step  in  our  work  has  been  the  abandonment  of  all  separation  criterion  to  permit  the  flow 
to  determine  this  directly.  Although  the  computations,  which  will  be  illustrated  later 
in  the  paper,  are  convincing  qualitatively  and  accurate  to  the  first  order  quantitively , 
the  authors  at  this  stage  claim  only  to  have  laid  the  foundations  of  a  generalised 
method.  The  future,  to  a  large  extent,  lies  with  further  refinement  but,  more  important 
than  that,  with  the  development  of  computers  and  high  speed  graphical  presentation. 


2.0  The  production  of  vorticity 

The  dichotomy  between  boundary  layer  and  "potential”  flows  mentioned  in  the 
Introduction  as  a  device  for  simplifying  complex  flows,  leads  to  confusion  regarding  the 
origin  and  nature  of  vorticity  in  fluid  flows.  For  example  classical  potential  flow 
modelling  requires  the  invention  of  the  concept  of  bound  vorticity  which  in  reality  is 
impossible  on  a  non-rotating  body,  since  the  surface  velocity  in  a  real  flow  is  zero  at 
all  points.  Also  it  is  commonly  believed  that  boundary  layer  vorticity  is  generated  by 
viscous  shear  stresses  whereas  in  reality  it  is  created  by  the  mainstream  or  potential 
flow,  the  action  of  viscosity  being  merely  that  of  diffusion  of  the  vorticity. 

These  points,  which  are  fundamental  to  the  present  method,  are  best  illustrated  by 
consideration  of  an  inviscid  potential  flow  in  more  detail.  Martensen's (8)  surface 
vorticity  method  offers  the  most  direct  model  of  potential  flows  since  it  describes 
precisely  the  real  fluid  mechanisms  involved  as  illustrated  by  Figure  (1).  As  we  know, 
the  real  flow  close  to  a  wall  consists  of  a  vorticity  (boundary)  layer  sandwiched 
between  the  surface  and  the  outer  flow.  In  passing  through  this  region  along  ss*  the 
local  velocity  changes  from  zero  immediately  adjacent  to  the  wall  to  the  value  vs  of  the 
potential  flow  at  the  edge  of  the  layer.  Figure  (1)a.  The  surface  vorticity  inviscid 
potential  flow  method,  Figure  (1)b,  adopts  a  direct  simulation  of  this  in  which  the 
boundary  layer  is  reduced  to  an  infinitely  thin  vorticity  sheet  of  strength  y(s)  in 
contact  with  the  wall.  In  these  circumstances  the  velocity  along  ss'  changes  discontinu- 
ously  from  zero  at  the  wall  to  the  value  vs  *  y { s )  just  outside  the  vorticity  sheet. 
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(a)  Boundary  layer  in  a  real  flow 
vorticify  sheet 


Surface  dement  m 


FIGURE  2.  Surface  Vorticlty  Modelling 


(b)  Surface  vorticity  model 

X(s)ds 


In  normal  potential  flow  terminology 
Vs  is  called  the  "surface  vorticity” 
whereas  in  reality  the  true  surface 
vorticity  is  zero.  Applying  this  condition 
of  zero  velocity  parallel  to  the  wall 
surface,  Martensen  reduced  the  incompress¬ 
ible  inviscid  aerofoil  steady  flow  problem 
to  the  following  well  known  integral 
equation  for  Y(sm). 

$Y(sn,K,8n'sm,d8n"iY(s»)m  ""»*  V  (3) 


(c)  Vorticity  element 


where  ww  is  a  uniform  stream  and  i  is  a 
unit  vector  parallel  to  the  surface  at  sm. 


FIGURE  1 . 


Surface  Vorticity  Modelling 


K(sn,sm)  is  a  coupling  coefficient 
which  represents  the  surface  velocity 
induced  at  sm  due  to  a  unit  vortex  located  at  sn  and  is  given  by 


K  (s 


,s) 

in 


-  2¥{ 


•(xm-xn>  (dVd8,  +  <Ym‘yn)  (dxm/ds) , 


(x-x) > 
in  n 


(4) 


Fortunately  equation  (3)  is  readily  soluble  as  a  set  of  linear  equations  by  the 
introduction  of  the  trapezoidal  rule,  whereupon  we  have 


I  Y(sn)Klsn,3ra)iSn 
n= 1 


dx  dy 

w-{'irC08a«  +  -dTsina-) 


(5) 


As  illustrated  by  Figure  (2) ,  this  is  achieved  by  dividing  the  body  profile  into  M 
discrete  elements  of  length  Asn  and  treating  the  flow  as  that  induced  by  discrete  vortex 
elements  of  strength  y(Bn)t>an  located  at  the  centre  of  each  element.  The  coupling 
coefficient  K(sm,sm),  which  represents  the  velocity  parallel  to  the  wall  at  m  due  to 
element  m  has  the  special  form,  as  shown  by  Lewis (6), 


K<s  .s  > 
in  in 


* 


<6> 


where  the  local  profile  radius  of  curvature  rm  may  be  evaluated  from  the  slopes  of 
neighbouring  elements  as  follows. 


_1_ 

tm 


m+1 , 

ST‘ 


O', 


Without  further  elaboration  of  the  subsequent  numerical  reduction  procedures, 
sufficient  has  been  said  to  illustrate  this  powerful  numerical  method  which  directly 
simulates  vorticity  production  in  potential  flows.  In  steady  flow  v8  and  thus  y(s)  is 
bound  to  the  surface.  In  reality  however  the  surface  vorticity  sheet  drifts  along  the 
surface  like  the  real  boundary  layer,  but  in  this  case  with  velocity  y(s)/2.  Since 


13-4 


■y  <  s )  varies  with  s  it  is  thus  clear  that  a  mechanism  exists,  even  in  the  absence  of 
viscosity,  for  the  production  or  destruction  of  vorticity  along  the  body  surface.  This 
mechanism  is  revealed  if  we  establish  the  rate  of  vorticity  creation  at  s  as  follows. 

If  we  define  dy  as  the  net  vorticity  per  unit  length  created  at  point  s  in  time  dt,  then 
the  net  vorticity  flux  through  abed,  Figure  (lie,  will  be 


dyds  =  { J  (vg+dvg)  (y  (s)  <-dy(s) ) -$vgY  (s)  }dt 
Bearing  in  mind  that  vs  =  y(s)  we  have  finally  a  vorticity  production  equation 


V  3 

dy  _  d  r  s  i  1  dp 
dt  dsv  2  p  ds 


(8) 


Thus  we  see  that  the  local  pressure  gradient  in  a  potential  f2ow  causes  vorticity 
to  be  either  created  (falling  pressure)  or  destroyed  (rising  pressure) .  In  a  real  flow 
the  same  principle  is  true  when  applied  to  the  bulk  vorticity  of  the  boundary  layer  in 
the  strip  ds.  Viscosity  then  fulfills  the  function  of  vorticity  diffusion  resulting  in 
a  continuous  redistribution  of  the  vorticity  created  by  the  pressure  gradients  of  the 
outer  flow.  Additional  to  this  are  the  equally  important  convective  motions  within  the 
viscous  shear  layer  which  also  redistribute  the  vorticity  and  in  some  circumstances  may 
lead  to  instability  of  the  strong  shear  layers  and  ultimately  to  turbulent  flow. 


Brief  outline  of  the  numerical  method  for  separated  flows 


Before  proceeding  with  further  analytical  details,  it  would  be  helpful  to  indicate 
the  general  computing  scheme  adopted  here  for  simulating  bluff  body  or  stalling  flows. 
With  reference  to  Figure  (3)  and  equation  (2),  the  strategy  is  to  march  forward  in  a 
series  of  small  time  steps  At  satisfying  various  terms  of  the  Navier  Stokes  equations  in 


FIGURE  4.  Separation  from  sharp-edged 
plate 


An  early  example  of  the  application  of  this  procedure,  excluding  viscous  diffusion, 
to  the  flow  past  a  sharp  edged  plate,  is  given  in  Figure  (4).  By  reflecting  the  flow 
below  the  x  axis,  symmetry  was  enforced,  preventing  the  establishment  of  a  vortex 
street.  In  this  instance  one  vorticity  element  was  shed  from  the  sharp  edge  of  the 
plate  for  each  time  step  with  a  magnitude  dependent  upon  the  surface  vorticity  created 
close  to  the  edge  during  the  preceding  potential  flow  calculation  at  step  (i)  of  the 
computational  sequence.  During  step  (iii)  each  vorticity  element  in  the  field  was 
allowed  to  drift  with  the  local  convective  velocity,  contributions  to  which  are  made  by 
(a)  the  uniform  stream  (b)  the  surface  vorticity  on  the  plate  and  (c)  all  vortices 
already  released  into  the  flow.  In  Figure  (4)  the  drift  paths  of  each  vortex  are 
indicated  in  magnitude  and  direction  by  the  tails  which  are  in  fact  streak  lines.  Due 
to  the  recirculating  flow  to  the  rear  of  the  plate  the  bounding  streamline  of  the 
separated  flow  regime  doeB  not  compare  too  closely  to  that  of  a  free  streamline  flow 
apart  from  the  region  close  to  the  plate.  On  the  other  hand  the  velocity  on  the  up¬ 
stream  face  of  the  plate,  which  is  reasonably  protected  from  the  wake  effects,  does 
progress  with  time  towards  a  distribution  which  is  in  quite  good  agreement  with  free 
streamline  theory.  The  predicted  drag  coefficient  after  60  time  steps  was  2.27  which 
may  be  compared  with  an  experimental  value  of  1.98  given  by  Hoerner (8) . 
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Three  particular  defects  were  inherent  in  this  early  work  as  follows: 


(i)  Due  to  the  enforced  symmetry  and 
lack  of  viscous  diffusion,  no 
mechanisms  were  available  for 
stabilising  the  total  vorticity 
content  of  the  wake  which 
increases  indefinitely.  In 
later  work,  without  enforced 
symmetry,  wakes  were  found  to 
break  down  into  vortex  streets 
thus  enabling  vorticity  to 
escape  downstream.  Further 
vorticity  leakage  arises  from 
viscous  diffusion. 


drift  path 


a 


(a)  drift  path  by  forward  difference  o  *o  b 


(ii)  The  convection  process 

adopted  here  involved  forward 
marching  over  time  step  at 
from  a  to  b.  Figure  (5)a, 
following^the  convection 
velocity  va  applicable  at 
point  a.  This  leads  to 
errors  which  were  later 
eliminated  by  means  of  a 
central  differencing  approach 
illustrated  in  Figure  (5)b. 
The  convection  velocities 
vb  are  recalculated  for  the 
new  locations  b.  A  revised 
drift  path  is  then  adopted 
based  upon  the  vector  average 
drift  velocity  (va+vb) /2 
resulting  in  an  improved 
estimate  of  the  final  vortex 
element  location  at  point  c. 


(b)  drift  path  by  control  difference  o  to  c 

FIGURE  5.  Vortex  Convection  Schemes 


(iii)  Due  to  (ii)  above  and  the  errors  of  the  discretisation,  it  is  inevitable  that  some 
vorticity  elements  will  accidentally  be  drawn  excessively  close  to  or  even  across 
the  solid  boundaries.  This  gives  rise  to  serious  numerical  errors  but  means  for 
dealing  with  this  problem  have  been  developed  which  are  outlined  in  Appendix  II. 


4.0  The  dispersion  of  vorticity 

The  vorticity  produced  at  the  body  surface  is  dispersed  in  three  ways,  namely 
(i)  separation  from  sharp  corners,  (ii)  convection  and  (iii)  viscous  diffusion.  The 
joint  actions  of  convection  and  viscous  diffusion  can  of  course  give  rise  in  certain 
circumstances  to  separations  from  smooth  surfaces  too.  Models  for  separation  more 
generally  will  therefore  be  dealt  with  in  the  following  sections  (4.1)  and  (4.2).  In 
sections  (4.3)  and  (4.4)  we  shall  summarise  the  equations  required  to  compute  the 
convective  and  viscous  diffusion  motions. 

4.1  Vorticity  sheet  separation 

Separation  from  a  sharp  corner  is  the  easiest  situation  to  handle.  Figure  6(a), 
since  one  may  make  the  very  reasonable  assumption  that  the  vorticity  element  p  just 
prior  to  the  separation  point  is  projected  into  space  in  the  local  surface  direction  at 
its  surface  drift  velocity  y(p)/2.  The  solution  depicted  in  Figure  (4)  was  computed 
on  this  basis,  all  the  free  vorticity  elements  having  been  initially  projected  from  the 
separation  point. 

The  main  defect  of  this  model  as  it  stands  is  its  inability  to  provide  for  other 
possible  separations,  for  example  from  the  wall  (x  axis)  just  prior  to  the  rear 
stagnation  point  or  from  the  rear  surface  of  the  plate.  This  problem  was  highlighted 
when  the  case  of  flow  past  a  circular  cylinder  was  first  considered,  Figure  (6)b.  In 
this  situation  there  is  no  clear  separation  point  and  it  was  initially  decided  to  fix 
one  artificially  at  location  A  at  the  ends  of  the  transverse  diameter.  Even  with  this 
assumption  there  remains  the  problem  of  selecting  a  trajectory  for  the  separating 
vortex,  since  the  path  of  the  convective  flow  is  far  less  certain  for  smooth  surface 
separations.  The  final  practice  adopted  in  this  phase  of  the  work  is  to  offset  the 
separated  element,  which  will  be  of  strength 

v 

AT  «  y(sp)-fdt  ■  i{y(s  )}’At  (9) 

by  a  small  distance  e.  Unless  the  corrections  proposed  in  Appendix  II  are  introduced, 
serious  errors  in  the  Martensen  potential  flow  solution  will  occur  if  e<ASp.  The  same 
is  true  for  any  free  vorticity  element  which  may  later  draw  close  to  the  surface.  To 
avoid  this  in  early  phases  of  the  work,  an  envelope  was  prescribed  around  the  surface. 
Figure  (6)b.  Any  vorticity  element  which  strayed  within  this  envelope  was  artificially 
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( a  )  Sharp  edge  separation 


(b)  Smooth  surface  separation 


(c)  Leading  edge  separation 
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FIGURE  7.  Vortex  street  predictions 
for  Re  =  20,000 


placed  just  onto  it  before  repeating 
the  next  potential  flow  calculation. 
On  this  basis  very  reasonable 
predictions  of  von  Karman  vortex 
streets  were  made(5),  one  of  which  is 
illustrated  in  Figure  (7) .  Even  with 
fixed  separation  points  a  plausible 
vortex  street  was  established  with 
reasonable  CD  and  CL  predictions  and 
with  a  Strouhal  Number  here  of 
0 .23 tO . 01  at  Re  =  20,000. 

FIGURE  6.  Separation  Models 


4.2  A  direct  simulation  of  vortlclty  shedding 

In  proceeding  later  to  the  calculation  of  stalling  aerofoils,  on  the  other  hand, 
there  was  no  way  of  determining  or  guessing  the  location  of  separation  points  and  the 
authors  sought  a  method  for  the  numerical  simulation  to  determine  them  automatically. 

A  clue  came  from  an  earlier  computer  experiment,  Figure  (6)c,  in  which  the  separation 
point  of  a  circular  cylinder  accidentally  moved  to  the  first  pivotal  point  at  the  nose 
of  the  cylinder.  The  useful  outcome  of  this  accident  was  the  observation  that  the  shed 
vortex  sheet  as  it  developed  tended  to  remain  fairly  close  to  the  surface  (A  to  B) 
until  it  reached  the  vicinity  of  the  expected  separation  point  B,  whereupon  the  sheet 
naturally  detached  itself  from  the  surface. 

Arguing  from  this,  the  realisation  dawned  that  Martensen's  surface  vorticity  sheet 
is  not  in  reality  bound  to  the  surface  but  is  free  to  drift  with  the  flow.  In  other 
words  all  vorticity  in  a  fluid  is  free  once  created.  Putting  this  notion  to  the  test, 
the  authors  immediately  moved  over  to  a  totally  different  scheme  for  vorticity  shedding 
applicable  to  all  bodies  which  directly  simulates  the  real  flow.  This  technique  is 
illustrated  in  Figure  (6)d.  After  the  potential  flow  calculation  at  time  t,  all 


a  v  .sue. 

°  o  o  O  o  o 

(d)  Full  surface  separation 
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vorticlty  elements  y(s)is  are  shed  into  the  fluid  by  displacing  each  element  normal  to 
the  surface  by  a  small  distance  e.  The  value  for  e,  which  can  be  argued  from  the  viscous 
diffusion  theory  of  section  (4.4)  is  given  by 


£ 


(10) 


In  considering  boundary  layer  growth,  Chorin<4)  made  a  similar  assumption  to  this 
and  boundary  layer  calculations  by  Porthouse (5) ,  mentioned  in  section  (4.4)  were  like¬ 
wise  based  on  a  similar  premise.  Body  separation  flow  problems  have  however  not  been 
treated  this  way  to  the  best  of  the  authors'  knowledge.  This  represents  a  major  step 
forward  in  the  simulation  method  since  in  effect  the  procedure  directly  simulates  the 
growth  in  time  of  the  body  boundary  layer  in  which  vorticity  is  created,  shed,  diffused 
and  convected  from  every  body  surface  element  for  each  time  step.  Unfortunately  the 
computer  storage  and  execution  times  required  to  cope  with  this  scheme  put  the  method 
almost  out  of  reach  of  a  time  sharing  mainframe  computer.  However  with  the  advent  of 
16  and  32  bit  single  user  computers  during  the  next  few  years  and  with  the  aid  of  vector 
processors  it  should  be  possible  to  investigate  problems  with  greater  resolution  and 
with  rapid  turnover  times. 


4 . 3  Convection  velocities 


The  potential  flow  as  described  by  eqn.(3)  is  inadequate  for  the  separated  flow 
regimes  illustrated  above  and  we  must  add  in  the  additional  influence  of  all  vortices 
shed  during  the  preceding  time  steps,  whereupon  we  obtain 


M  dx  dy  Z 

l  Y (s  ) K (s  ,s  ) As  =  -  w  {-^cosa  +  -s^sina  )  +  £  AruMN.m) 

,  n  n  m  n  00  ds  00  ds  °° 

11=1  N  =  1 


(id 


Afu  is  the  vorticity  element  shed  at  the  Nth  time  step  and  L(N,m)  is  a  coupling 
coefficient  identical  in  form  to  equ. (4) ,  which  determines  the  interference  velocity 
at  body  point  m  due  to  a  unit  vortex  located  at  the  position  of  Tn. 


Since  the  additional  free  vortex  terms  on  the  r.h.s.  of  this  equation  change  for 
each  time  step,  the  recommended  procedure  for  solution  of  the  equations  is  matrix 
inversion.  The  l.h.s.  matrix  may  be  evaluated  once  and  for  all  at  the  outset  of  a 
computation.  Furthermore  the  solution  for  the  uniform  stream  may  also  be  evaluated  once 
and  for  all.  At  each  subsequent  time  step  all  that  remains  is  multiplication  of  the 
inverted  matrix  with  the  new  right  hand  side  terms  due  to  ATN- 


In  addition  to  the  convective  influence  of  AIN  at  the  body  surface,  each  shed 
vorticity  element  is  free  to  drift  under  the  collective  convective  influence  of  all 
vorticity  elements  and  uniform  streams  in  the  flow. 


Now  the  velocity  components  u,v  at  m  due  to  a  unit  clockwise  vortex  located  at  n 
are  given  by 

<y„-y „> 


u  -  U(s_,s  )  = 


m'  n'  2 tt  i  (Xm-Xn)*  +  (ym-yn) S  > 


-  <x  -x  > 

v  =  V(sm,sn)  =  IMy  -y  )') 

nt  n  ra  n 


(12) 


Thus  the  convection  velocity  components  of  vorticity  element  ATn  will  be  compounded 
as  follows 

M 

uaN  * 


M 

vaN  *  J/(sn)A8nV<V8n> 


During  the  convection  calculation,  equs.(13)  must  be  evaluated  for  each  vortex  in 
turn,  after  which  the  revised  locations  at  time  t  t  St  are  calculable.  Following  the 
simplified  forward  difference  scheme  of  Figure  (5) a,  from 


+  l  ir  0(s  .a)  +  U 
N  m  n  « 


♦  I  Ar„v<sm,sJ  +  V. 
nii  n  m  n 


n*m 


(13) 


xb  *  xa  +  uaNfit 

(14) 

*b  ‘  *a  +  vaN4t 


If  the  convective  velocities  ubN,vbN  are  now  recalculated  from  equs.(13),  following 
the  central  difference  model  of  Figure  (5)b  we  then  have  the  more  accurate  estimate  of 
the  free  vortex  location  at  time  t  ♦  At  from 
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xc  =  xa  +  1(uaN  +  ubN)At 


*c  =  xa  +  i(vaN  +  vbN)At 


(15) 


4.4  Vorticity  transfer  through  viscous  diffusion 


A  full  exposition  of  the  theory  of  viscous  diffusion  is  given  in  Appendix  I  and 
only  a  brief  outline  of  principle  and  application  will  be  given  here.  Our  reference 
point  is  the  classical  solution  for  a  diffusing  point  vortex.  As  proved  in  the  Appendix, 
if  the  vortex  is  replaced  by  a  large  number  of  vortex  elements  (say  100)  all  initially 
located  at  the  origin  of  the  (r,8)  plane,  the  diffusion  of  vorticity  during  time  At  may 
be  accurately  modelled  if  each  element  is  subjected  to  r,8  displacements  given  by 


r  =  (4vAtfn(1/Ni) )* 


(16) 


8  =  2uMi 


Nt  and  Mi  are  random  numbers  in  the  range  0-1.  After  a  given  time  step  At  this 
process  can  be  repeated  for  further  time  steps  by  shaking  each  individual  element  without 
further  subdivision.  In  the  limit  of  an  infinite  number  of  elements  this  model,  which  is 
similar  to  Brownian  motion,  approaches  the  exact  solution  for  two-dimensional  viscous 
diffusion. 


vorticity 

elements 


FIGURE  8.  Simulation  of  a  Blasius  Boundary  Layer  for  Re  =  500 


If  applied  to  a 
wall  shear  layer, for 
example  a  Blasius 
boundary  layer , 

Figure  (8) ,  this  model 
produces  reasonable 
results  bearing  in 
mind  the  sparseness 
of  vorticity  elements 
enforced  by  practical 
computational  constr¬ 
aints.  The  laminar 
low  Reynold's  number 
solution  shown  in 
Figure  (8)  is  among 
the  better  results 
obtained  so  far  due 
to  the  relatively  low 
convection.  At  higher 
Reynold's  numbers 
considerable  reduction 
in  time  step  At  and 
thus  increase  in  the 
r. amber  of  vorticity 
elements  is  required 
to  maintain  similar 
resolution  of  the 


flow.  In  principle  however,  given  sufficient  computing  speed  and  capacity,  it  ought  to 
be  possible  to  resolve  the  diffusion/convection  processes  for  a  complete  body  with  fair 
representation  of  the  surface  boundary  layers  as  well  as  adequate  prediction  of  the  far 
flow. 


The  application  of  this  method  to  stalling  or  bluff  body  flows  is  quite  simple. 
Following  convection,  each  vorticity  element  is  given  a  so-called  "random  walk"  according 
to  equations  (16).  If  an  element  accidentally  walks  across  a  solid  boundary,  the  normal 
treatment  is  to  assign  it  strength  zero  or  remove  it  from  the  field.  A  very  simple 
technique  has  been  devised  to  detect  whether  each  vortex  lies  within  or  without  the  body 
and  this  is  outlined  in  Appendix  II.  Many  examples  of  this  method  have  been  given  else¬ 
where  in  refs. 5-7.  The  aim  in  the  concluding  section  (6.0)  of  this  paper  will  be  to 
explore  its  application  in  some  detail  to  the  behaviour  of  a  well  known  aerofoil  taken 
through  a  wide  range  of  angles  of  attack.  With  this  in  mind  it  is  necessary  to  elaborate 
in  the  next  section  on  the  calculation  of  CL  and  CD  which  presents  special  problems  in 
time  dependent  and  viscous  separated  flow. 


5.0  Calculation  of  surface  pressure,  lift  and  drag 

The  Navier  Stokes  equation  (1)  may  be  expressed  in  the  alternative  form 

-p2  .  (q  -vV) xu  -  ||  (17) 

In  this  compact  form  the  local  gradient  of  stagnation  pressure  is  seen  to  derive 
from  two  sources,  one  due  to  the  combined  effect  of  convection  and  diffusion  upon  the 
transport  of  vorticity  and  the  other  due  to  local  unsteady  flow. 
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To  focus  attention  on  the  first  of  these,  we  can  identify  (q  -  vV)  as  a  flux  operator 
which  is  equivalent  to  a  velocity  vector  v  normal  to  both  iii  and  the  local  gradient  of 
stagnation  pressure  7p0.  v  is  compounded  of  both  convection  and  diffusion  velocities 
which  will  generally  lie  in  different  directions.  The  Navier  Stokes  equation  may  thus 
be  written  yet  more  succinctly. 


Vp 


0  x  5  "  ft 


(18) 


The  convective  inputs  into  v  can  include  both  free  and  forced  motions  (e.g.,  a 
moving  turbine  blade  row  might  be  a  typical  forcing  motion) .  The  diffusive  components 
could  include  viscous  diffusion  in  a  continuous  medium  as  here,  pseudo-Brownian  motion  as 
an  equivalent  model  for  discretised  vorticity  as  adopted  in  this  numerical  scheme,  or 
even  Brownian  motion  itself  (e.g.,  tiny  insects  experience  buffeting  due  to  Brownian 
motion  in  addition  to  viscous  drag) .  All  that  is  required  to  determine  7po  is  to 
evaluate  the  terms  on  the  right  hand  side  of  equation  (18)  during  time  dt. 


1°) 


(b) 


time  t 


If  we  apply  this  to  our  numerical 
scheme  a  procedure  quickly  emerges. 
Thus  very  close  to  the  body  surface 
due  to  the  predominating  influence  of 
viscosity,  the  flux  velocity  v  will 
be  normal  to  the  surface.  For  a  given 
surface  element  As,  Figure  (9)a,  the 
term  v  x  u  then  represents  the  normal 
velocity  flux  emanating  from  the  body 
surface.  Since  the  surface  vorticity 
per  unit  length  is  y(s),  we  could 
express  a  numerical  equivalent  to 
v  x  to  for  the  time  step  At  as  follows 

v  x  to  =  —  — — -  (19) 

At 

Now  the  numerical  procedure 
adopted  involves  shedding  the  whole 
of  the  surface  vorticity  y(s)As  into 
the  fluid.  Figure  (9)b,  during  time 
At  and  thus  the  Navier  Stokes  equation 
(18)  applied  to  surface  element  As 
becomes 

=  _  XMM  (20) 

p  At  '  ' 


FIGURE  9.  Shedding  of  a  vortex  element 


We  take  note  that  q  is  now  zero  on  the  body  surface  so  that  the  term  3q/3t  vanishes. 
This  observation  also  leads  directly  to  the  pressure  gradient  Ap  along  the  surface  since 
equation  (20)  reduces  to 


Ap  y (s) As 

p  At 

which  agrees  with  equation  (8) . 


(21) 


Beginning  at  the  leading  edge  the  pressure  at  s'  could  thus  be  integrated  through 

■‘IS. 


P‘ 


or  in  numerical  form 


Pn-p*e 


.  -£. 

At 


n 

l  Y (si) As, 
1-1 


(22) 


Unfortunately  the  simplicity  of  thiB  result  is  marred  by  a  problem  which  arises 
during  the  random  walk,  since  vorticity  elements  may  in  some  cases  diffuse  back  into  the 
aerofoil.  TheBe  must  also  be  accounted  for  if  we  wish  to  ensure  the  "closure"  of  the 
pressure  distribution 

j  If  as  -  0  (23) 

As  explained  in  Appendix  II  any  such  element  which  strays  inside  the  body  will 
invalidate  the  Martensen  analysis  which  requires  zero  internal  circulation.  Such 
vortices  are  therefore  snuffed  out.  However  Kelvin's  circulation  theorem  must  be  obeyed 
and  therefore  the  "bound"  circulation  of  the  contour  is  incremented  by  the  strength  of 
this  vortex  element.  It  should  be  mentioned  that  this  condition  forms  one  equation  of 
the  Martensen  analysis  which  takes  the  form 


1 


i 


--  '  ******* 


-  /' 
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M  N  S 

l  Y<sn>  s  -  I  ATi  +  l  ATj  (24) 

n=1  n  m  i  =  1  j=1 

where  AI"i  are  the  N  shed  vortex  elements  remaining  in  the  field  and  APj  are  vortex 
elements  which  have  been  snuffed  out. 

The  procedure  described  in  Appendix  II  for  checking  whether  each  free  vortex  element 
lies  either  inside  or  outside  the  body  also  reveals  the  particular  surface  element 
crossed  by  those  that  stray  inside.  Such  surface  elements  have  their  pressure  gradients 
modified  according  to 

AT 

APn  :=  A?n  +  ^  ,25> 

Another  problem  mentioned  in  Appendix  II  arises  when  a  vortex  element  drifts  so 
close  to  the  surface  that  its  coupling  coefficient  L(N,n)  is  in  serious  error.  A 
technique  is  explained  whereby  its  influence  at  this  surface  location  is  adjusted  to 
satisfy  Kelvin's  theorem,  a  procedure  which  makes  such  elements  "civilised"  in  their 
interaction  with  the  contour  and  one  which  has  been  a  trade  secret  of  this  work, removing 
what  was  previously  a  major  difficulty  in  the  use  of  vortex  singularities. 

Finally,  having  determined  the  static  pressure  distribution  we  are  in  a  position  to 
evaluate  lift  and  drag  coefficients  from  the  formulae 

CL  =  Tp4i  *  Psin0ds 

(26) 

CD  =  *  Pcos0ds 

where  f  is  a  leading  dimension  of  the  body  such  as  aerofoil  chord  and  6  is  the  local 
profile  slope. 


6.0  The  Stalling  of  Aerofoils  and  Cascades 


The  computer  program  to  simulate  flow  separation  from  bluff  bodies  has  been  run  with 
aerofoil  NACA  0012  at  a  range  of  angles  of  attack.  The  Reynolds  Number  based  upon  chord 
and  mainstream  flow  speed  was  100,000.  Figures  (10)  and  (11)  show  the  types  of  flow 
obtained  at  different  angles  of  attack.  For  each  angle,  the  variation  of  lift  and  drag 
with  time  has  been  obtained.  A  particular  difficulty  is  that  the  Brownian  motion  of  the 
vorticity,  used  to  simulate  diffusion,  has  an  associated  uncertainty  principle  which  may 
be  expressed 


sampling  error  in 

time  pressure 


=  constant 


Thus  the  curves  appear  "noisy”  when  plotted  at  short  time  intervals,  but  since  the 
relation  between  pressure  and  vortex  flux  is  linear,  it  is  permissible  to  average  the 
flux  over  longer  times  to  reduce  the  noise  in  the  lift  and  drag  variations.  Figures 
(12)  and  (13)  show  some  results  with  lift  and  drag  evaluated  every  tenth  time  step.  From 
these  time-dependent  results,  average  values  of  lift  and  drag  may  then  be  estimated. 
Figures  (14)  and  (15)  show  the  predicted  ariation  of  lift  and  drag  with  angle  of  attack, 
together  with  experimental  results  from  Critzos,  Heyson  and  Boswinkle. 


X 


X, 


>•02 

V 


FIGURE  10.  Aerofoil  NACA  0012  at  30° 
angle  of  attack 


FIGURE  11.  Aerofoil  NACA  0012  at  60* 
angle  of  attack 


Coefficient 


Coefficient 
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Due  to  restrictions  imposed  by  computing  resources,  data  have  been  computed  at  5° 
intervals  up  to  40°  but  at  10°  intervals  thereafter.  Since  it  is  not  possible  to  compute 
each  angle  of  attack  for  as  long  a  time  as  one  might  desire,  there  is  an  error  associated 
with  the  estimated  values  of  lift  and  drag,  which  is  indicated  on  the  graphs.  The 
direction  of  the  force  acting  on  the  aerofoil  is  shown  in  Figure  (16),  and  roughly 
speaking,  this  force  acts  normal  to  the  chord  of  the  aerofoil.  The  magnitude  of  the 
force  , 

(Cl2  +  C oV 


is  shown  in  Figure  (17).  This  is  the  most  revealing  graph,  and  it  must  be  commented 
that  though  the  general  trend  is  the  same,  there  is  still  some  difference  between  theory 
and  experiment  which  cannot  be  wholly  attributed  to  the  differing  Reynolds  Numbers. 


Porthouse  and  Lewis'^*  explain  boundary  layer  flow  separation  in  terms  of  the  piling 
up  of  vorticity.  This  is  indeed  seen  in  the  stalling  aerofoil  simulations,  so  the 
phenomenology  of  flow  separation  is  certainly  being  reproduced  here.  Vorticity  also 
separates  at  the  trailing  edge,  and  in  the  unstalled  case,  this  gives  rise  to  the  Kutta- 
Joukowski  condition.  (Note  that  in  this  computer  program,  the  aerofoil  is  just  another 
polygon,  and  no  special  assumptions  are  made  about  the  "trailing  edge") .  At  high  angles 
of  attack,  the  two  streams  of  vorticity  from  the  leading  and  trailing  edges  interact  to 
form  an  irregular  vortex  street  which  is  similar  to  observations  from  high  speed 
cinematography  (Goldstein,  Dover  edition,  Plate  9) . 


However,  we  are  attempting  to  simulate  two  very  different  scales  of  motion  with 
just  one  method.  Chorin  proposed  the  random  vortex  method  as  the  method  best  able  to  do 
this  by  virtue  of  its  phenomenology,  and  indeed  it  does  reproduce  flow  separation 
remarkably  well.  Nevertheless,  because  of  the  relatively  coarse  discretisation,  we 
could  hardly  expect  the  method  running  on  existing  computers  to  predict  the  precise 
stalling  angle  for  each  Reynolds  Number. 


i.2 


A  vortex-in-cell  method,  as  proposed  by 
Christiansen,  may  do  better,  since  it  is  possible 
to  use  about  10,000  vortices,  and  the  errors  due  to 
their  random  motion  will  be  reduced.  However,  it  is 
also  possible  that  we  have  already  reached  the  limit 
of  what  can  be  done  with  a  two-dimensional  theory, 
and  that  although  the  method  is  qualitatively  good, 
quantitative  discrepancies  between  experiment  and 
the  computer  simulations  could  be  due  to  three- 
dimensional  effects.  The  flow  behind  the  aerofoil 
is  turbulent,  and  the  stretching  of  vortex  filaments 
may  be  a  dominant  mechanism  in  the  flow,  but  no  two- 
dimensional  method  is  able  to  simulate  this. 

Despite  these  reservations,  it  is  still  profit¬ 
able  to  explore  a  variety  of  problems  with  this 
method.  For  example  Figure  (18)  shows  a  three-bladed 
rotor  which  has  been  unwrapped  onto  the  cascade 
plane.  Initially,  with  the  high  angle  of  attack 
chosen  here,  all  three  blades  stall  in  the  same  way. 
Another  feature  of  Chorin’ s  method  is  that  the  flow 
is  continually  being  provoked  into  instability  by 
the  random  motion  of  the  vortices,  and  so  eventually 
the  stalling  of  the  blades  takes  on  a  very  different 
form.  A  large  vortex,  or  soli  ton,  moves  along  the 
cascade  upstream  of  it.  This  vortex  must  lose  some 
vorticity  through  the  blade  passages,  but  it  is 
replenished  as  it  passes  each  blade.  We  are  looking 
at  a  possible  mechanism  for  rotating  stall,  although 
the  angle  of  attack  here  is  large.  Rotating  stall 
is  usually  associated  with  the  first  stage  of 
instability  as  a  compressor  is  throttled.  Unfort¬ 
unately  available  computer  time  and  capacity  has 
limited  this  study  to  the  case  of  deep  stall  only. 
Investigations  of  the  cascade  at  different  angles 
of  attack  and  with  more  than  three  blades  must  await 
the  acquisition  of  more  powerful  computing 
facilities . 


FIGURE  18.  Stalled  flow  through 
a  three-bladed  rotor 
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APPENDIX  I 


Simulation  of  viscous  diffusion 


The  viscous  diffusion  of  a  vortex  of  initial  strength  T  located  at  the  origin  of 
the  (r,0)  plane  is  described  by  the  equation 

9 <u  .  *  1  A1 

St  '  'jlS7?  +  r  SE*  A1 

which  has  the  solution 

_  - (rJ /4vt) 

“(r't)  =  TZZt*  A2 

The  form  of  this  solution  over  several  time  steps  is  illustrated  in  Figure  A1 . 


FIGURE  A1 .  Diffusion  of  a  point  vortex 


(b)  Tima 


FIGURE  A2 .  Diffusion  of  a  point  vortex 


To  arrive  at  a  suitable  numerical  simulation  of  this  well  known  flow  we  could  begin 
by  treating  the  vortex  as  a  collection  of  say  100  elements  each  of  strength  0.01  all 
free  to  move  independently  but  initially  all  located  at  the  origin.  After  time  t  the 
requirement  of  the  simulation  would  be  that  the  elements  are  scattered  throughout  the 
(r,0)  plane.  Figure  A1 ,  in  such  a  way  that  the  density  distribution  agrees  with 
equation  A2.  Thus  the  scattering  technique  Bhould  result  in  a  uniform  distribution 
circumferentially  but  a  radial  distribution  which  is  dense  near  to  the  origin,  falling 
away  as  r  increases. 

The  clue  to  the  achievement  of  this  is  then  to  regard  equation  A2  as  a  vorticlty 
density  distribution  curve  which  must  be  delivered  by  the  simulation  process.  Put 
another  way  we  could  say  that  after  time  t  the  probability  of  finding  a  vorticity  element 
in  the  region  (r,r+4r)  and  (9,0+49)  is  given  by 

.  -<r’/4vt) 

P  *  T^t*  Arrie  A3 

To  proceed  further,  equation  A3  may  be  integrated  over  the  ranges  0  «  0  to  2w  and 
radius  «  0  to  r,  resulting  in 

p  .  ,  _e-lr*/4vt)  A4 
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In  this  form  P  gives  us  the  probability  that  our  vorticity  elements  lie  somewhere 
within  the  circle  of  radius  r.  At  this  point  we  should  observe  that  equation  A4  agrees 
with  the  normal  distribution  curve  of  statistical  theory.  The  value  of  P  is,  therefore, 
equally  likely  to  be  anywhere  in  the  interval  (0, 1 )  and  could  be  selected  by  a  random 
number  generator  for  example.  The  radial  location  of  each  of  the  vorticity  elements 
can  thus  be  obtained  if  we  invert  equation  A4  into 

rj.  =  Uvtinl^)}  A5 

The  required  procedure  is  thus  to  give  a  random  number  Pi  in  the  range  (0,1)  to 
each  element  of  the  vortex.  The  elements  are  then  displaced  radially  by  the  correspond¬ 
ing  value  of  ri.  Circumferential  displacements  can.  be  arranged  by  selecting  a  second 
set  of  random  numbers  Qi  in  the  range  (0,1)  whereupon  for  the  ith  element 

0i  =  2ttQi  A6 

The  excellent  agreement  of  this  simulation  with  the  exact  solution  is  illustrated 
by  Figure  A2  in  which  vortex  strength  with  radius  r  and  variance  versus  time  are 
compared . 

Although  it  would  be  desirable  to  break  all  shed  vorticity  elements  of  a  stalling 
or  bluff  body  flow  into  a  large  number  of  sub-elements,  in  practice  computing  speed  and 
capacity  rules  this  out.  Thus  the  practice  of  the  authors  is  to  apply  equations  A5  and 
A6  to  each  element  in  its  entirety,  once  shed,  at  every  time  step.  On  average  that 
individual  element  will  then  diffuse  correctly  when  taken  with  all  other  elements  over 
a  period  of  time. 

APPENDIX  II 

Drift  of  a  vortex  element  close  to  a  surface 

The  circulation  C  around  a  body  contour  due  to  an  external  vortex,  Figure  B1 ,  is 
zero,  namely 

C  =  $q.ids  =0  B1 

On  the  other  hand  if  a  vortex  element  AT  were  accidentally  to  drift  inside  the  body 
due  either  to  numerical  errors  in  the  convection  process  or  to  the  random  walk  diffusion 
process,  the  circulation  around  the  body  contour  would  become 

C  =  ^q. ids  =  ATn  B2 

Thus  we  have  a  simple  device  to  check  the  location  of  each  vortex  if  we  express 
this  in  numerical  form,  namely 


C  =  ATn  l  L(N,p) 
p=1 


In  this  expression  L(N,p)  is  given  by  equation  (4)  where  N  represents  the  (x,y) 
location  of  the  vortex  element  and  p  the  location  of  the  surface  vorticity  elements. 


FIGURE  B1 .  Circulation  due  to  a 

vorticity  element  close 
to  a  surface 


If  C  is  zero  the  vortex  element  lies  outside 
the  body.  If  non  zero  the  element  may  lie 
inside  and  C  should  equal  AT. 

However  if  a  vortex  element  draws  into  close 
proximity  c  to  the  body,  the  coupling  coeffic¬ 
ient  which  represents  the  surface  velocity  due 
to  ATn  at  the  nearest  body  point  p  will  be  in 
error.  Thus  as  e/Asp-<-0  so  L  (N,p) -«».  Thus  for 
situations  in  which  say  e/Asp<1.0  the  Martensen 
solution  will  be  subject  to  errors  due  to 
"leakage  flux",  since  there  would  be  an  implied 
internal  circulation  due  to  this  numerical 
defect.  The  Martensen  method  is  very  sensitive 
to  this  type  of  numerical  error  which  can  be 
eliminated  by  insisting  that  C  is  made  equal  to 
zero.  This  can  be  accomplished  artificially 
by  replacing  the  coupling  coefficient  L(N,p) 
by  the  value 

M 

L (N ,p) *  C  -  l  L(N,n)  B4 

n*1 
n)*p 

The  computing  sequence  is  as  follows: 
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(a) 

Evaluate  C. 

(b) 

If  | c ] > 4 |drN| 
snuffed  out. 

the 

vortex 

element 

(c) 

If  f c  1  <4  |dr«i| 

the 

vortex 

element 

roust  be  evaluated 

by  equation  B4 

is  inside  the  body  and  should  be 
is  outside  the  body  and  K(N,p) 
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DISCUSSION 


F.Leboeuf,  Fr 

( 1 )  Do  you  allow  the  vorticities  to  collapse  together? 

(2)  How  do  you  define  the  strength  of  the  vortices  which  are  shed  at  the  wall? 

Author’s  Reply 

Vortices  are  allowed  to  recombine  if  they  come  into  close  proximity.  This  occurs  occasionally  during  the  diffusion 
process.  They  are  also  recombined  after  travelling  some  distance  downstream  in  the  wake  in  order  to  reduce  the 
amount  of  data  carried  in  arrays  or  on  file. 

The  strength  of  vortices  shed  from  the  wall  must  be  that  given  by  the  preceding  Martensen  calculation. 


Martinon 

Since  you  use  a  random  process,  you  have  to  reach  statistical  convergence.  Are  your  present  results  very  sensitive  to 
the  number  of  vortices  you  follow,  and  would  there  be  an  optimum  (compromise  between  statistical  error  and 
computational  time)  number? 

Author’s  Reply 

The  question  of  the  appropriate  number  of  vortices  is  an  important  one  which  needs  more  attention.  The  boundary 
layer  calculation,  shown  in  Figure  8,  containing  500  vortices,  is  probably  near  to  the  best  compromise  between 
accuracy  and  density.  Ideally  we  should  undertake  controlled  studies  to  determine  this  matter  but  these  must  await 
availability  of  more  suitable  computing  resources.  With  the  resources  available  to  us  we  have  tried  to  push  ahead 
through  a  variety  of  cases  which  would  stretch  both  the  method  and  ourselves  in  developing  the  model  during  the 
four  and  a  half  years  since  this  project  began. 


C.H.Sieverding,  Be 

( 1 )  The  Strouhal  number  of  the  flow  behind  a  cylinder  varies  with  the  Reynolds  number.  Is  your  method  able 
to  calculate  this  Strouhal  number-Reynolds  number  relation,  and  would  you  please  comment  on  the 
difference  of  the  vortex  shedding  process  from  cylinders  for  laminar  and  turbulent  boundary  layers. 

(2)  M.  Dyment  from  the  Institute  of  Fluid  Mechanics  in  Lille  has  made  very  detailed  measurements  of  the  vortex 
frequency  in  the  near  wake  region.  He  shows  that  the  Strouhal  number  varies  significantly  in  this  region  with 
increasing  downstream  distance  up  to  a  distance  of  approximately  the  diameter  of  the  cylinder  through 
successive  collapsing  of  the  vortices  to  vortex  structures  of  bigger  dimensions.  Is  your  method  able  to  predict 
such  a  behaviour? 

Author’s  Reply 

Yes,  the  method,  having  a  viscous  diffusion  model,  can  deliver  Strouhal  number  versus  Reynolds  number.  At  high 
Reynolds  number,  each  newly  shed  separation  vortex  sheet  is  more  likely  to  undergo  a  Kelvin-Helmholtz  instability 
before  it  would  otherwise  roll  up  into  a  von  Kirmin  vortex.  At  low  Reynolds  number,  diffusion  of  the  shed 
vorticity  shear  layer  damps  down  the  Kelvin-Helmholtz  instability  tendency  so  that  a  full  von  K4rm4n  vortex  street  is 
set  up  with  periodicity,  the  case  illustrated  in  the  paper. 

I  am  unfamiliar  with  Dyment’s  work  and  will  need  to  follow  this  up.  I  would  be  grateful  for  more  information  on 
this  problem.  It  is  possible  that  the  third  dimension  of  flow  is  involved  in  these  cases. 


K.Papailiou,  Gr 

Can  you,  with  your  calculation,  arrive  at  a  steady  state  (of  course,  for  the  parts  of  the  flow  that  we  know  should 
achieve  a  steady  state)? 

Author’s  Reply 

In  principle,  yes.  For  example,  we  have  calculated  the  NACA  0012  airfoil  below  stall  since  submission  of  the  text  of 
this  paper.  Due  to  the  discretisations  inherent  in  this  method  and  the  shedding  of  discrete  vortices  rather  than 
distributed  vorticity,  the  solutions  are  subject  to  “noise’’.  If  the  number  of  elements  could  be  substantially 
increased  we  could  obtain  better  results  for  unstalled  flows.  At  present  the  method  handles  wake  flows  better  than 
it  copes  with  flows  dominated  by  viscous  effects,  due  to  insufficient  resolution. 


Heinemann 

Applying  a  singularity  method  like  the  one  of  Martensen  to  calculate  cascade  blade  surface  pressure  distributions  and 
cascade  data  may  sometimes  lead  to  results  which  do  not  agree  reasonably  well  with  experiments.  This  may  be  due 
to  the  fact  that  the  real  physical  flow  behaviour  is  not  taken  into  account  for  the  computation,  i.e.  most  of  all  the 
vortex  shedding  from  the  trailing  edges.  Therefore,  I  would  like  to  know  whether  you  are  able  to  use  the  shedding 
frequency  as  an  input  value  for  such  a  surface  pressure  distribution  calculation. 
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Author's  Reply 

The  standard  Martensen  method  is,  of  course,  a  pure  potential  flow  model.  As  such,  it  is  a  good  and  versatile  one. 
Like  all  potential  flow  methods  though,  it  suffers  from  certain  restrictions,  notably  simplistic  trailing  edge  modelling. 
This  contribution  to  the  discussion  and  some  others  have  indicated  the  need  now  to  focus  more  attention  upon 
models  of  the  real  trailing  edge  flow  in  what  we  think  are  installed,  steady  state  aerofoil  or  cascade  flows.  Dr  Werle’s 
steady  flow  calculations  implied  the  presence  of  a  vortex  core  hanging  on  to  the  suction  surface  trailing  edge  region. 
Our  film  seems  to  suggest  that  such  a  vortex  builds  up  and  detaches  in  a  periodic  manner.  Dr  Dunker’s  L.D.  plots 
imply  periodicity  in  a  “steady  state”  transonic  rotor  wake.  Can  it  be  that  even  installed  blade  rows  can  produce 
measurably  periodic  wakes,  even  with  very  thin  trailing  edges? 

In  direct  response  to  the  questioner’s  last  point,  I  think  that  it  would  be  possible  to  modify  the  standard  Martensen 
to  shed  upper  and  lower  surface  vorticity  sheets  in  real  time  steps,  abandoning  the  usual  Wilkinson  type  of  Kutta 
condition.  This  would  be  well  worth  exploring  to  see  whether  the  above  questionings  of  periodic  wakes  have 
foundation. 


C.L.Ball,  US 

Bypassing  the  issue  of  computational  time,  would  you  comment  on  the  potential  of  this  method  for  calculating  the 
stalling  characteristics  of  compressor  type  blade  rows  to  include  three  dimensional  effects  and  transonic  flows? 

-  It  is  my  understanding  from  your  discussion  that  the  method  allows  for  rotating  stall  to  develop  naturally.  Is 
this  correct? 

-  Since  the  method  was  developed  primarily  for  windmills,  is  the  blade  solidity  limited  to  low  values? 

Author's  Reply 

The  method  is  ripe  for  analysis  of  two-dimensional  stalling  behaviour  of  cascades.  There  is  no  problem  here  other 
than  computing  capacity  and  speed  of  execution.  Figure  18  illustrates  typical  output.  In  this  case  up  to  3  hours 
of  IBM  370  c.p.u.  time  was  required.  For  the  future,  this  work  demands  a  dedicated  mini-computer  with  good 
graphics  and  probably  video  output  for  recording  results.  Three-dimensional  and  transonic  flows  are  not  possible 
by  this  method.  In  principle,  three-dimensional  flow  is  possible  although  there  is  no  formulation  as  yet  and 
computer  requirements  exceed  facilities  that  are  available.  I  do  not  think  that  transonic  flows  will  ever  be  treated 
by  surface  singularities. 

You  are  correct  in  your  assumption  that  the  method  calculates  rotating  stall  naturally.  There  is  no  human  inter¬ 
ference  with  these  calculations.  Blade  solidity  and  profile  are  completely  arbitrary. 


Ph.Ramette,  Fr 

For  a  separated  flow,  how  do  you  calculate  the  separation  line? 

Author's  Reply 

The  separated  vortex  sheet  is  completely  self  generating  and  determines  its  own  shape.  We  have  tried  to  account 
for  all  known  fluid  influences  in  the  theory,  namely,  potential  flow  (creating  vorticity  at  the  boundary),  viscous 
diffusion,  and  vorticity  convection.  All  vorticity  in  the  (low  is  free  to  convect  and  diffuse.  Separations,  therefore, 
determine  themselves  according  to  the  known  laws  of  two-dimensional  nature. 

The  authors  wish  to  express  their  thanks  for  a  very  helpful  probing  discussion. 
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CALCULS  DE  COUCHE  LIMITS  TRI DIMENS IONNELLE  DANS  UN  COMPRESSEUR 


par 

B.  AUPOIX  et  J.  COUSTEIX 

ONERA/CERT 
2  avenue  E.  Belin 
31055  TOULOUSE  Cedex  (FRANCE) 


RESUME 


L' etude  des  Aquations  de  transport  pour  les  tensions  turbulentes  en  repSre  tournant 
ou  sur  paroi  courbe  a  permis  de  mettre  en  Evidence  deux  types  d'effets  :  d'une  part,  une 
stabilisation  ou  destabilisation  de  la  turbulence  due  3  la  courbure  longitudinale  ou  A 
la  composante  du  vecteur  rotation  parallSle  a  la  paroi  ;  d'autre  part,  un  effet  tridimen- 
sionnel  quand  la  composante  du  vecteur  rotation  est  normale  3  la  paroi. 

L'effet  stabilisant  ou  dSstabilisant,  ainsi  que  celui  de  la  turbulence  extArieure, 
ont  AtA  introduits  dans  un  schema  de  longueur  de  melange  qui  a  ensuite  6t§  employe  pour 
construire  des  families  de  profils  de  vitesse  de  couche  limite  en  similitude.  L^analyse 
de  ces  families  de  profils  a  fourni  les  relations  de  fermeture  pour  une  methode  int6grale 
de  calcul  de  couches  limites  tridimensionnelles. 


SYMBOLES 

a 

al  =  WqT  *  °'15 

H-il.  ;  = 

8n  ii 

i 

p 

i 

■j  q2  sk  -j  (u^  +  v2  +  ) 

R 

R 

Cf,  U 


U,  V,  W 

U*  V2  V?  uv  uw  vw 

Ut  -  (IE) 

1  P 

|$  .  ,3U  SW, 

9y  '  '*y  '  3yJ 

x  y  * 


"constants"  experiments le 
coefficient  de  f rot tenant  parietal 
param&tres  de  forme 
longueur  de  mAlange 
fluctuation  de  pression 
press ion  instantanAe 

energie  cinetique  de  turbulence 

rayon  de  courbure  de  la  paroi 

notes  de  Richardson 

vi tease  instantanAe,  vitesse  moyenne 

conpoeantes  du  vecteur  vitesse 

tensions  turbulentes 

vitesse  de  frottanent 

"vecteur"  gradient  de  vitesse 

ooordomAea  (y  selon  la  normale  3  la  paroi) 


« 

41 


p.  u.  -  ou 


dy 


*u  mj['  ^  r  ’  * 


Apaisseur  de  couche  limite 

Apaisseur  de  dAplaoonent  longitudinale 

Apaisseur  de  qpantitA  de  nouvanent  longitudinale 

taux  de  dissipation  de  l'Anergie  cinAtique  de  turbulence 


n  -  y/« 


viacosit*  clnfcetique 
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P 

T  =  (-  UV,  -  vw) 
X  »  0,41 

n,  ^ 

xe 

*P 

•v 

X 

X 


nasse  volunique 

"ueeteur"  tension  turbulence 

oonstante  de  KSBMSN 

nodule  et  canposantes  du  vecteur  rotation 

valeur  de  X  a  la  frontigre  extSrieure  de  la  couche  liraite 
valeur  de  X  3  la  paroi 
valeur  instantande  de  X 
moyenne  d'ensanble  de  X 


INTRODUCTION 


L'accroissement  des  performances  des  compresseurs  s 1 accompagne  d'un  accroissement  de 
la  charge  adrodynamique  des  aubages.  Les  gradients  de  pression  importants  le  long  des 
aubes  peuvent  conduire  au  d£collement  des  couches  limites  pariBtales.  Ce  dBcollement  doit 
cependant  etre  6vite  car  il  entralne  d'importantes  pertes  de  rendement.  C'est  pourquoi  il 
est  nScessaire  de  disposer  de  methodes  de  calcul  de  couche  limite  permettant  de  prfdire 
finement  Involution  de  la  couche  limite  sur  l'aubage  et  son  d6collement  Bventuel. 

Deux  types  de  methodes  sont  couramment  utilisdes  pour  prBdire  le  dfiveloppement  d’une 
couche  limite.  Les  methodes  locales  rgsolvent  les  equations  de  couche  limite  (equations 
de  continuite,  de  quantite  de  mouvement. . . )  sur  un  maillage  3  1'intBrieur  de  la  couche 
limite.  Les  mBthodes  globales  utilisent  les  equations  de  couche  limite  integrees  depuis 
la  paroi  jusqu'3  la  frontiSre  extBrieure  de  la  couche  limite.  Les  methodes  locales  donnent 
une  description  plus  fine  de  la  couche  limite.  Par  contre,  elles  sont  lourdes  3  mettre  en 
oeuvre  et  coQteuses  en  temps.  Les  methodes  integrales  sont  plus  simples  3  mettre  en  oeuvre, 
rapides  et  precises  mais  les  relations  de  fermeture  utilis6es  doivent  etre  revues  lorsqu'un 
nouveau  phgnomBne  (courbure  de  paroi,  rotation  ...)  doit  6tre  pris  en  compte. 

Une  methode  integrate  a  etd  choisie  3  cause  de  son  coOt  faible  pour  une  precision 
raisonnable.  Cette  m6thode,  d'abord  developp§e  en  bidimensionnel  /R6f.  1/  puis  en  tridi- 
mensionnel  /Rdf.  2/  pour  les  ailes  d'avions  a  Bt6  etendue  aux  cas  des  compresseurs  carac- 
terises  par  des  taux  de  turbulence  extgrieure  61ev6s,  des  courbures  de  paroi  importantes 
et  des  effets  de  rotation. 


Les  principes  de  base  des  methodes  integrales  de  calcul  de  couche  limite  tridimension- 
nelle  sont  briSvement  rappelBs  dans  la  premiere  partie  de  cet  expose.  La  prise  en  compte 
des  effets  de  la  turbulence  extBrieure,  de  la  courbure  de  paroi  et  de  la  rotation  eBt 
6tudiee  dans  la  derniBre  partie.  La  troisieme  partie  donne  une  description  succincte  des 
possibilites  du  code  de  calcul  ainsi  que  des  exemples  de  rdsultats. 


Le  cas  des  couches  limites  turbulentes  sera  plus  particuliferement  etudie  dans  cet 
expose.  Les  problSmes  de  couches  limites  laminaires  sont  abordBs  dans  la  reference  /3/. 


PRESENTATION  DE  LA  METHODE  INTEGRA LE 


Un  profil  de  vitesse  de  couche  limite  tridimensionnelle 
peut  etre  decompose,  comme  le  montre  la  figure  ci-contre, 
en  un  profil  de  vitesse  longitudinale  U  dans  la  direction 
de  l'6coulement  ext€rieur  et  un  profil  de  vitesse  transver- 
sale  w  dans  la  direction  perpendiculaire  3  l'6coulement 
exterieur . 


Pour  un  fluide  incompressible,  sans  transfert  de  chaleur, 
l'Bcoulement  dans  la  couche  limite  peut  alors  etre  decrit  par  trois  equations  :  l'Bquation 
de  continuite  et  les  equations  de  quantite  de  mouvement  selon  les  directions  x  et  z. 


L' integration  de  ces  equations  depuis  la  paroi  jusqu'3  la  frontiere  extBrieure  de  la 
couche  limite  donne  un  systems  de  trois  equations  globales  dans  lesquelles  les  nouvelles 
inconnues  sont  des  grandeurs  caracteristiques  du  profil  de  couche  limite  telles  que  le 
coefficient  de  frottement  ou  les  epaisseurs  integrales  de  deplacement  et  de  quantite  de 
mouvement.  Ces  equations  s'ecrivent,  3  titre  d' example,  pour  une  couche  limite  bidimension- 
nelle  incompressible  i 

(continuite)  !  Cg  ■  jy  -  •  jp-  jjjj  (0,  (4  -  4^)) 

(quantite  de  mouvement)  «  Sf.  «  ^ 

dx  e 

Lore  de  1 ' integration,  1' information  sur  la  forme  du  profil  de  vitesse  a  ete  perdue. 
Comme  la  montre  l'exemple  simple  ci-dessus,  le  nombre  d'inconnues  est  alors  supBrieur  au 
nombre  d' equations. 
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Pour  fermer  le  systAme,  on  a  done  besoin  de  relations  auxiliaires  entre  les  diverses 
inconnues,  c'est-3-dire  que  1' information  sur  la  forme  du  profil  de  vitesse  doit  Atre  rA- 
introduite. 

Une  solution  possible  pour  obtenir  des  relations  de  fermeture  est  d'utiliser  des  for¬ 
mes  connues  pour  le  profil  de  vitesse  comine,  par  exemple,  la  loi  de  COLES  ou  encore  des 
lois  expArimentales  comme  la  relation  de  LUDWIEG-TILLMAN.  Cependant,  avec  cette  demarche, 
la  prise  en  compte  de  nouveaux  phAnom Anes  (turbulence  extArieure,  courbure  de  paroi, 
rotation  ...)  demande  un  grand  nombre  d'expAriences  fines  pour  Atablir  de  nouvelles  for¬ 
mes  de  profils  et  relations  de  fermeture. 

L'originalitA  de  la  mAthode  proposAe  rAside  dans  1 'utilisation  de  families  de  profils 
de  vitesse  de  couches  limites  en  similitude.  Ces  families  de  profils  sont  bien  represen¬ 
tatives  des  profils  de  vitesse  rencontres  m6me  pour  les  couches  limites  hors  d'Aquilibre. 
De  plus,  elles  prAsentent  l'avantage  de  pouvoir  Atre  generalis6es  pour  prendre  en  compte 
de  nouveaux  effets  tels  que  la  turbulence  exterieure,  la  courbure  de  paroi,  la  rotation  .. 

Les  solutions  de  similitude  pour  le  profil  de  vitesse  sont  analogues  dans  leur  prin- 
cipe  aux  solutions  de  FALKNER  et  SKAN  obtenues  en  laminaire.  L'hypothAse  de  similitude 
consiste  3  supposer  que  les  profils  de  vitesse  longitudinale  et  transversale  qui  sont  a 
priori  fonction  de  x,  y  et  z  peuvent  Stre  exprimAs  sous  forme  rAduite  comme  fonction  d'une 
seule  variable  n  =  y/S  oQ  6  est  une  longueur  caractAristique,  par  exemple  l’Apaisseur  de 
couche  limite.  Dans  le  cas  d'une  couche  limite  laminaire,  1'hypothAse  de  similitude  porte 
directement  sur  le  profil  de  vitesse,  soit  U/Ue  «  f  ( n ) .  Dans  le  cas  d'une  couche  limite 
turbulente,  seule  la  region  e xtArieure  est  en  similitude.  L'hypothAse  de  similitude  porte 
alors  sur  la  vitesse  dAficitaire  soit  :  (Ue  -  uyuT  =  f  (n)  . 

Avec  cette  hypothAse  de  similitude,  les  Aquations  de  quantity  de  mouvement  qui  Ataient 
des  Aquations  aux  dArivAes  partielles  deviennent  des  Aquations  dif f Arentielles  ordinaires. 
Une  hypothAse  de  faible  Acoulement  transversal  permet,  de  plus,  de  decoupler  l'Acoulement 
longitudinal  de  l'Acoulement  transversal,  c'est-8-dire  que  le  profil  longitudinal  de  vi¬ 
tesse  se  comporte  comme  un  profil  bidimensionnel . 

Le  profil  de  vitesse  longitudinale  est  alors  obtenu  comme  solution  d'une  Aquation 
dif f Arentielle  ordinaire  ;  il  ne  dApend  que  de  n  et  du  gradient  de  pression  longitudinal 
mis  sous  forme  adimensionnelle.  Le  profil  de  vitesse  transversal  est  enBuite  obtenu  3 
l’aide  du  systAme  d'Aquations  dif f Arentielles  ;  il  dApend  de  n,  du  profil  de  vitesse  lon¬ 
gitudinale  et  du  gradient  de  pression  transversal  mis  sous  forme  rAduite,  soit  encore  de 
la  courbure  de  la  ligne  de  courant  extArieure. 

Dans  le  cas  des  couches  limites  turbulentes,  un  modAle  de  turbulence  est  nAcessaire 
pour  reprAsenter  les  tensions  de  Reynolds  dans  les  Aquations  de  quantitA  de  mouvement.  Un 
schAma  de  longueur  de  mAlange  a  AtA  choisi  pour  sa  simplicitA  et  sa  comrooditA  de  mise  en 
oeuvre.  Ce  schAma  de  longueur  de  mAlange  peut  Atre  modifiA  pour  prendre  en  compte  les 
effets  de  la  turbulence  extArieure,  de  la  courbure  de  paroi  ou  de  la  rotation  sur  la  tur¬ 
bulence  au  sein  de  la  couche  limite. 


Les  families  de  profils  de  vitesse  longitudinale  et  transversale  ainsi  obtenues  comme 
solutions  des  Aquations  de  similitude  peuvent  Atre  analysAes  pour  obtenir  les  relations 
auxiliaires  nAcessaires  3  la  fermeture  du  systAme  des  trois  Aquations  intAgrales.  Dans  le 
cas  prAsentA  prAcAdemment  d'une  couche  limite  bidimensionnelle  incompressible,  le  systAme 
est  fermA  3  1’ai.de  de  trois  relations  qui  permettent  le  calcul  du  coefficient  de  frotte- 
ment  Cf,  du  coefficient  d'entralnement  et  du  paramAtre  de  forme  H*  »(S  -  3^/Bn  en 
fonction  d'une  grandeur  caractAristique  de  la  forme  du  profil  de  vitesse.  Dans  le  cas  la¬ 
minaire  oQ  1'hypothAse  de  similitude  porte  sur  le  profil  de  vitesse  U/Ue,  cette  grandeur 

71(1-U/Ue)dn 

caractAristique  sera  le  paramAtre  de  forme  H  dAfini  par  :R>  «  ft,, _ _ 

11  “AW  *> 

Dans  le  cas  turbulent  oQ  1'hypothAse  de  similitude  porte  sur  le  profil  de  vitesse  dAfici- 


taire,  cette  grandeur  sera  le  paramAtre  de  forme  G  dAfini  par 

/lApVa, 

(Z  »  o  U  T 


/o  ‘V*  * 


EXTENSION  DE  LA  METHODE  INTEGRALS  AUX  CAS  DE  COHPRESSEURS 


Cette  mAthode  intAgrale  a  d'abord  AtA  dAveloppAe  pour  des  applications  de  type  profil 
d'aile.  L'extension  au  cas  du  compresseur  demande  de  prendre  en  compte  trois  nouveaux 
phAnomAnes  :  le  fort  taux  de  turbulence  3  1'extArieur  de  la  couche  limite,  les  effets  de 
courbure  de  paroi  et  la  rotation.  Le  problAme  des  flux  de  chaleur  3  la  paroi,  plus  spAci- 
fique  aux  turbines,  n'a  pas  AtA  abordA  ici. 
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X  -  INFLUENCE  DE  LA  TURBULENCE  EXTERIEURE 


Dans  le  cas  d'une  couche  limite  laminaire,  la  turbulence  extdrieure  favoriae  la  tran¬ 
sition.  Dans  le  cas  d'une  couche  limite  turbulente,  la  turbulence  extdrieure  apporte  de 
l'dnergie  au  mouvement  turbulent  par  une  augmentation  de  I'effet  d'entralnement  de  l'dcou- 
lement  extdrieur  dans  la  couche  limite.  La  zone  proche  de  la  parol  dtant  ainsi  mieux  ali- 
mentde  en  dnergie,  le  coefficient  de  frottement  paridtal  augmente  et  l'apparition  du  dd- 
collement  est  retardde. 


L'effet  de  la  turbulence  extdrieure  sur  la  couche  limite  turbulente  a  ddjS  dtd  dtu- 
did  par  ARNAL  et  al.  /Rdf.  4/  dans  le  cas  bidimensionnel.  II  a  dtd  montrd  que  le  schdma 
classique  de  longueur  de  mdlange  : 


-  uv  =  l 2 


(ill) 

V 


2 


pouvait  dtre  dtendu  sous  la  forme 


i  =  0,085  t  th  <5^*5  -  £> 


—  ...  ,0,085  4  )U.  ,3U. 

-  uv  "  th  ’( a ,  a  »y)  ‘2 


»y 


X  *  0,41 
a^  •  0,15 


ofl  1/2  qe2  est  l'dnergie  cindtique  de  la  turbulence  extdrieure. 


L'analyse  des  families  de  profils  de  vitesse  obtenues  avec  cette  version  modifide  du 
schdma  de  longueur  de  mdlange  a  montrd  que  la  forme  des  profils  de  vitesse  dtait  inchan- 
gde  en  prdsence  de  turbulence  extdrieure.  Seule  l'dvolution  selon  x  de  l’dpaissaur  6  de 
couche  limite  dtait  modifide.  Les  relations  de  fermeture  ne  falsant  intervenir  que  la 
forme  du  profil  de  vitesse  (coefficient  de  frottement,  paramdtre  de  forme  H*,  ...)  restent 
done  inchangdes.  Seul  1 'entralnement  de  fluide  sain  par  la  couche  limite  : 


a  dtd  modifid.  L' entralnement  augmente  avec  le  taux  de  turbulence  extdrieure. 


Dans  le  cas  tridimensionnel,  le  profil  de  vitesse  longitudinale  dtant  inchangd  en 
prdsence  de  turbulence  extdrieure,  le  profil  de  vitesse  transversale  le  sera  aussi.  On 
n'observe  alors  pas  de  modification  des  relations  de  fermeture  autre  que  la  modification 
de  1 'entralnement. 


II  -  INFLUENCE  DE  LA  COURBURE  DE  PAROI 

11. 1.  Observations  expdrimentales 

Qualitativement,  les  effets  de  courbure  de  paroi  sont  souvent 
expliquds  en  utilisant  la  notion  de  ddplacement  virtuel  d'un  dldment 
fluide.  On  suppose  qu'un  tel  dldment  est  ddplacd  normalement  3  la 
paroi  en  conservant  son  moment  angulaire  (le  fluide  est  supposd 
sans  frottement) .  Dans  le  cas  da  la  paroi  convexe,  le  gradient  de 
pression  existant  tend  3  renvoyer  1' dldment  3  sa  position  initials  : 
l'dcoulement  est  stable.  Au  contraire,  dans  le  cas  de  la  paroi  concave, 

3  s'dloigner  de  plus  en  plus  de  sa  position  initiale  :  l'dcoulement  est 

Pour  une  couche  limite  laminaire,  les  effets  de  courbure  sont  en  gdndral  faibles  et 
n'entratnent  pas  de  modifications  trds  importantes.  Toutefois,  on  notera  que  dans  le  cas 
d'une  paroi  concave,  la  transition  peut  dtre  favorisde  par  l'apparition  de  tourbillons  de 
TAYLOR-GORTLER. 

Pour  une  couche  limite  turbulente,  la  stabilisation  de  l'dcoulement  sur  paroi  convexe 
diminue  1 'agitation  turbulente.  Les  rdgions  proches  de  la  paroi  sont  alors  moins  bien 
alimentdes  en  dnergie  et  plus  sensibles  8  un  gradient  de  pression  adverse.  La  couche  limite 
ddcolle  alors  plus  facilement.  A  l’opposd,  sur  une  paroi  concave,  1 'agitation  turbulente 
est  augmentde  et  le  ddcollement  est  retardd. 

La  courbure  de  paroi  modifie  peu  l'dvolution  d'une  couche  limite  laminaire  et  n'influe 
que  sur  sa  transition.  Par  contre,  le  mouvement  turbulent  est  amplifid  ou  amorti  par  la 
courbure,  si  bien  que  l'dvolution  d’une  couche  limite  turbulente  ddpend  beaucoup  plus  de 
la  courbure  de  la  paroi. 

11. 2.  Influence  de  la  courbure  de  paroi  sur  la  turbulence 

L'dtude  de  1' influence  de  la  courbure  da  paroi  sur  la  turbulence  a  dtd  faite  dans  le 
cas  bidimensionnel  par  COUSTEIX  et  ROUDEVILLE  /Rdf.  5/  et  dtendue  au  cas  tridiMnsionnel 
par  AUPOIX  et  COUSTEIX  /Rdf.  3/. 

La  mdthode  amployde  consists  8  utiliser  les  dquations  de  transport  pour  les  tensions 
turbulentas.  Css  dquations  dtant  moddlisdes  dans  un  repdre  curviligne,  une  hypothdse 
d'dqui libra  permat  de  se  ramenar  8  un  systdme  lindaire  pour  les  tensions  turbulentas.  En 
se  plagant  dans  un  repdre  lid  aux  lignes  de  courant  extdrieures  et  en  appelant  Rx  et  R. 
les  rayons  de  courbure  de  la  paroi  dans  la  direction  de  la  ligne  de  courant  extdrieure 


stable 


instable. 
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et  de  sa  normale,  Xes  tensions  turbulentes  s’ficrivent  sous  la  forme  : 


=  ^2 

»1*  <sx> 

aw 

ai*  <»X>  T  (ffx. 

V~!ir 

u 

W 

Rx 

au 

et  *2  ' 

-  sont  ( 

sy 

3y 

sont  des  nombres  de  Richardson 


caractSristiques  des  effets  de  courbure  et  T  une  fonction  voisine  de  1* units.  La  courbure 

modifie  surtout  le  rapport  q 7  “  1/2  q^  dans  le  cas  d'un  faible  Scoulement  transversal. 

Cette  modification  peut  Stre  rSpercutSe  au  niveau  d’un  schSma  de  longueur  de  mSlange  qui 
devient,  dans  le  cas  d'un  faible  Scoulement  transversal  : 

-  ™  =  *  *2  'ly)2 

-  -  =  %  -  If 

avec  f  *  (1  -  a  Rx)  a  *  10,25 

oO  est  le  nombre  de  Richardson  formS  avec  le  rayon  de  courbure  de 
la  paroi  dans  la  direction  des  lignes  de  courant  extSrieures. 

II.  3.  Application  aux  solutions  de  similitude 

Les  profils  de  vitesse  de  couche  limite  en  similitude  sur  paroi  courbe  sont  quasiment 
identiques  aux  profils  obtenus  sur  paroi  plane.  On  observe  une  trSs  lSgSre  modification 
de  la  relation  de  fermeture  donnant  le  coefficient  de  frottement  pariStal  C*.  Come  dans 
le  cas  de  la  turbulence  extSrieure,  l'effet  de  stabilisation  ou  de  dSstabilisation  de  la 
turbulence  par  la  courbure  se  traduit  par  une  modification  du  taux  de  croissance  de  l'S- 
paisseur  de  couche  limite  ou  encore  de  1 ' entralnement .  Quand  la  turbulence  est  stabilisSe 
par  une  paroi  convexe,  1 ' entralnement  diminue  ;  quand  la  turbulence  est  dSstabilisSe  par 
une  paroi  concave,  1 ' entralnement  augmente. 

Ill  -  INFLUENCE  DE  LA  ROTATION  DE  RBPERE 

a  _ _ 

III. 1.  Observations  expSrimen tales  ^ 

Pour  qu'une  couche  limite  bidimensionnelle  soumise  a  une  rotation  / 

reste  bidimensionnelle,  il  faut  et  il  suffit  que  le  vecteur  rotation  J 

soit  normal  au  plan  de  1' Scoulement.  S  , 

La  rotation  a  alors  deux  effets.  La  force  d'inertie  centrifuge  i  •*)< »»>0 

correspond  a  une  modification  de  la  loi  de  vitesse  extSrieure  si  le  's— ^ 

rayon  de  giration  est  grand  devant  l’Spaisseur  de  la  couche  Unite. 

La  force  de  CORIOLIS  joue  un  rCle  analogue  au  gradient  de  pression  normal  dans  le  cas  d’une 
couche  limite  sur  paroi  courbe  et  stabilise  (u  <  0)  ou  dSstabilise  (u  >  0)  l’Scoulement. 

Dans  le  cas  d’une  couche  limite  tridimensionnelle,  les  effets  de  la  rotation  sont  plus 
compliquSs  car  les  trois  composantes  du  vecteur  rotation  sont  A  prendre  en  compte.  Un  cas 
simple  intSressant  est  celui  ofl  le  vecteur  rotation  est  normal  3  t-fT 

la  paroi.  Les  forces  de  CORIOLIS  jouent  alors  le  r61e  d’un  gradient  1 

de  pression  transversal  qui  incurve  les  lignes  de  courant  extSrieures  I V 

et  induit  des  effets  tridimensionnels  dans  la  couche  limite.  f  \ 

Une  certaine  analogie  peut  Stre  faite  entre  les  effets  de  rotation  V  \ 

et  de  courbure.  Dans  le  cas  bidimensionnel,  la  rotation  uj  est  analogue  ' - - - ' 

a  la  courbure  longitudinale  de  la  paroi  qui  stabilise  ou  dSstabilise  1’ Scoulement.  Dans 
le  cas  tridimensionnel,  la  rotation  id,  est  analogue  a  la  courbure  des  lignes  de  courant 
extSrieures  qui  donne  lieu  3  des  effets  tridimensionnels. 

III. 2.  Influence  de  la  rotation  de  paroi  sur  la  turbulence 

Les  effets  de  la  rotation  sur  la  turbulence  ont  StS  StudiSs  par  COUSTEix  et  AUPOIX 
/RSf.  6/,  3  l’aide  des  Squations  de  transport  pour  les  tensions  turbulentes. 

En  exprimant  les  composantes  du  vecteur  rotation  sous  la  forme  de  nombres  de  Richardson: 


W*  ♦  <I7>T 


les  tensions  turbulentes  s'Scrivent,  avec  1'hypothSse  de 
-  W  -  $  q2  (Cp  -  Cpl  *3>1/2 

-"■II  lcu  -  Cvl  fl3)1/2  *  [(1 
cC  Cy  =  (283) 2,  C  A  et  B  sont  des  constantes. 


faible  Gcouleraent  transversal  : 

3_W 

+  A  *3)-g-  ♦  B  -  A 
3Y 


Dans  le  cas  d'une  couche  limite  bidimensionnel le,  l'Scoulement  est  stabilise  pour  u>j 
nSgatif  de  fagon  analogue  A  l'Scoulement  sur  une  paroi  convexe  et  destabilise  pour  uij 
positif  de  fagon  analogue  a  l'ecoulement  sur  une  paroi  concave. 


Dans  le  cas  d’une  couche  limite  tridimensionnelle,  les  effets  sont  plus  compliques 
car  les  differentes  composantea  du  vecteur  rotation  sont  a  prendre  en  corapte.  L'effet 
stabilisant  ou  destabilisant  de  la  composante  du  vecteur  rotation  normale  a  l’ecoulement 
longitudinal  est  identique  au  cas  bidimensionnel.  Dans  le  cas  particulier  oil  le  vecteur 
rotation  est  normal  a  la  paroi,  les  relations  : 


-  uv 

-  vw 


C  i/i 
u 

C  l/1  (B  *2 


3N 


3y 


indiquent  que  les  "vecteurs"  tension  turbulente  (-  uv,  -  vw)  et  cisaillement  (^,  jy)  ne 

sont  plus  alignes.  Cet  effet  de  non-alignement  est  deja  connu  exp6rimentalement  dans  les 
couches  limites  tridimensionnelles  sur  paroi  fixe  /Ref.  7/  et  a  d6j3  ete  pris  en  compte 
dans  des  mode les  de  turbulence  /R6f.  8,  9/  et  des  relations  de  fermeture  pour  l'ecoule¬ 
ment  transversal  /Ref.  9/.  Cet  effet  semble  directement  lie  a  la  courbure  des  lignes  de 
courant,  courbure  qui  est  analogue  a  la  rotation  u>2  et  produit  les  effets  tridimension- 
nels. 


Pour  les  applications  aux  turbomachines,  les  nombres  de  Richardson  restent  d' ordinaire 
de  l'ordre  du  pour  cent.  En  premiere  approximation,  seuls  ces  deux  effets  sont  retenus  : 

-  La  composante  du  vecteur  rotation  normale  a  l'Scoulement  longitudinal  stabilise  ou 
destabilise  l'Scoulement.  La  modification  rSsultante  du  schSma  de  longueur  de 
melange  est  analogue  a  celle  effectuSe  dans  le  cas  sur  paroi  courbe. 

-  La  composante  du  vecteur  rotation  normale  a  la  paroi  produit  des  effets  tridimen- 
sionnels  de  fagon  analogue  a  la  courbure  des  lignes  de  courant  extSrieures.  Ces 
effets  tridimensionnels  se  caractSrisent  par  un  dSsalignement  entre  la  tension  tur¬ 
bulente  et  le  cisaillement,  effet  qui  a  dSjS  StS  pris  en  compte  prScSdemment  /RSf.  9/. 


III. 3.  Application  aux  solutions  de  similitude 

L'effet  stabilisant  ou  dSstabilisant  de  la  composante  du  vecteur  rotation  normal  a 
la  paroi  va,  comme  dans  le  cas  de  couches  limites  sur  paroi  courbe,  se  traduire  par  une 
lSgSre  modification  de  la  loi  pour  le  coefficient  de  frottement  pariStal  et  surtout  par 
la  modification  de  1 ' entralnement . 

Le  non-alignement  entre  tension  turbulente  et  cisaillement  entralne  1' apparition  de 
nouvelles  families  de  profils  de  vitesse  transversale  et  done  de  nouvelles  lois  pour  les 
grandeurs  caractSristiques  de  l'Scoulement  transversal. 

Rappelons  enfin  que  lorsque  1'on  considSre  les  Squations  de  quantitS  de  mouvement  dans 
un  repSre  tournant,  des  termes  supplSmentaires  apparaissent  dus  a  la  force  de  CORIOLIS. 

On  retrouvera  ces  termes  supplSmentaires  dans  les  Squations  intSgrales  de  quantitS  de  mou¬ 
vement  que  l'on  a  a  rSsoudre. 


DESCRIPTION  SUCCINCTB  DU  CODE  DE  CALCUL  -  EXEMPLES  DE  RBSULTATS 
I  -  DESCRIPTION  5UCCINCTE  DU  CODE  DE  CALCUL 


Le  programme  calcule  le  dSveloppement  de  couches  limites  laminaires  et  turbulentes 
compressibles  (nombre  de  Mach  <  S) ,  sur  paroi  athermane. 

Les  Squations  intSgrales  de  couche  limite  sont  Scrites  dans  un  repSre  curviligne  quel- 
conque.  Le  repSre  liS  aux  lignes  de  courant  extSrieures  n'est  utilisS  que  pour  Sexploi¬ 
tation  des  relations  de  fermeture  tirSes  des  solutions  de  similitude. 

Les  profile  initiaux  de  couche  limite  peuvent  Stre  imposes  ou  calculSa  par  le  programme 
come  solutions  de  similitude  le  long  d'une  ligne  de  partage.  La  position  du  point  de 
dSbut  de  transition  est  cslculSe  a  l'aide  du  critSre  de  GRANVILLE  modifiS  prenant  en  compte 
l'histoire  de  la  couche  limite  el  le  taux  de  turbulence  extSrieure  /RSf. 10/  pour  l'Scoulement 
longitudinal  et  du  critSre  de  BEASLEY  /RSf.  11/  pour  l'Scoulement  transversal.  Au  point  de 
transition,  ou  en  prSsence  d'un  bulbs  de  dScollement,  le  calcul  effectue  une  transition 
brutale  et  continue  en  turbulent.  Le  dSveloppement  da  la  couche  limits  turbulente  est  alors 
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sensible  aux  rayons  de  courbure  parietaux,  a  la  turbulence  exterieure,  a  la  rotation  et 
au  non-alignement  choisi  entre  la  tension  turbulente  et  le  cisaillement  moyen. 


II  -  EXEMPLES  D’ APPLICATION 

Les  performances  du  programme  de  calcul  ont  StS  Svalufies  par  des  comparaisons  3 
l'expSrience  sur  un  ensemble  de  cas  tests.  Quelques-uns  parmi  les  plus  signif icatif s  sont 
prSsentSs  ci-dessous. 

11. 1.  Effet  de  la  turbulence  extSrieure  (couche  limite  bidimensionnelle  turbulente) 

Le  diffuseur  de  6°  StudiS  par  POZZORINI  /Ref.  12/  constitue  un  bon  cas  d'Stude  des 
effets  de  la  turbulence  extSrieure.  Dans  ce  cas  particulier,  un  programme  a  6t€  r§crit 
pour  calculer  a  la  fois  1'Scoulement  de  fluide  sain  au  centre  du  diffuseur  et  les  couches 
limites  parietales,  en  imposant  la  conservation  du  debit. 

La  comparaison  porte  sur  les  coefficients  de  pression  a  la  paroi  et  les  coefficients 
de  frottement  parietaux  qui  permettent  de  localiser  le  point  de  decollement.  Deux  cas 
sont  Studies,  1'un  avec  une  faible  turbulence  extSrieure,  I'autre  avec  une  turbulence 
extSrieure  importante.  Dans  les  deux  cas,  l'accord  calcul/expSrience  est  trSs  satisfai- 
sant,  sauf  pour  les  faibles  valeurs  du  C f.  Le  diffuseur  etant  le  mSme  dans  les  deux  cas, 
le  fait  que  la  turbulence  extSrieure  augmente  l'entralnement  et  retarde  le  decollement 
est  mis  en  evidence  dans  cet  exemple  (figures  1  et  2) . 

11. 2.  Effet  de  la  courbure  de  paroi  (couche  limite  bidimensionnelle  turbulente) 

a)  ExgSr ienoe_de_S0_et_MEI,L0R_^R6f  i_13/ 

Ce  premier  exemple,  6tudie  dans  la  reference  /6/,  concerne  une  couche  limite  bidimen¬ 
sionnelle  turbulente  se  dSveloppant  sur  une  paroi  courbe.  La  couche  limite  se  dSveloppe 
d'abord  sur  une  plaque  plane  en  gradient  de  pression  nul,  puis  sur  une  paroi  convexe  en 
gradient  de  pression  adverse.  Au  debut  de  la  par tie  courbe,  le  rapport  de  l’epaisseur  de 
la  couche  limite  au  rayon  de  courbure  de  la  paroi  d6passe  10  %.  A  la  fin  de  la  partie 
courbe,  la  couche  limite  est  presque  dScoliee. 

Deux  calculs  ont  6te  effectuSs  :  l'un  prend  en  compte  1 'effet  de  la  courbure  de  paroi 
sur  la  turbulence  ;  I'autre  non.  La  figure  3  compare  les  evolutions  expgrimentales  et 
calcuiees  du  facteur  de  forme  H,  de  l'epaisseur  de  guantite  de  mouvement  longitudinale 
et  du  coefficient  de  frottement  parietal  Of.  La  n6cessite  de  prendre  en  compte  1 'effet 
de  la  courbure  de  paroi  sur  la  turbulence  pour  obtenir  un  bon  accord  calcul/experience  et 
une  bonne  prevision  du  decollement  est  bien  raise  en  evidence  sur  la  figure  3. 

b)  Cas_d^une_grille_d^aube_transsonigue 

Ce  cas  de  grille  d'aube  transsonique  a  6te  etudie  dans  la  reference  /14/.  II  s'ayit 
d'une  grille  d'aube  de  compresseurs ,  utilisant  le  profil  "115".  La  grille  d'aube  est  pla- 
cAe  comme  indique  sur  la  figure  4  dans  un  montage  bidimensionnel  permettant  de  verier 
l'angle  d'attaque  et  le  nombre  de  Mach.  Le  profil  d'aube  "115"  est  dessine  pour  donner 
une  deviation  de  50"  sans  decollement. 

Parmi  l'ensemble  des  cas  etudies  dans  la  reference  /14/,  nous  ne  presenterons  que  les 
deux  cas  de  la  figure  5  montrant  1' apparition  du  decollement  de  la  couche  limite  turbulente 
3  M  =  0, 7  quand  la  deviation  8  augmente.  On  donne  dans  chague  cas  1 'evolution  en  fonction 
de  l'abscisse  curviligne  de  la  vitesse  ext6rieure,  du  paramAtre  de  forme  H  et  des  6pais- 
seurs  longitudinales  de  dfplacement  5j  et  de  quantite  de  mouvement  811. 

On  retrouve  la  necessite  de  prendre  en  compte  les  effets  de  la  courbure  de  la  paroi 
si  l'on  veut  predire  correctement  1' evolution  de  la  couche  limite  et  le  decollement.  Pour 
une  deviation  de  53",  le  calcul  prBvoit  le  decollement  de  la  couche  limite  un  peu  trop  t8t 
le  decollement  est  observe  exp6rlmentalement  juste  en  amont  de  la  deuxifime  station  de 
mesure. 


II. 3.  Couches  limites  turbulentes  tridimensionnelles 
a)  Canal_courbe_sugersonigue 


L'6coulement  supersonigue  dans  un  canal  courbe  simulant  le  distributeur  d'un  diffuseur 
de  compresseur  centrifuge  est  etudie  dans  la  reference  /IS/.  Des  mesures  de  pression  pari6- 
tale  tr6s  resserrees  et  de  nombreux  Bondages  de  couche  limite  ont  perrais  de  connattre 
finement  1 'ecoulement.  Sur  la  figure  6,  les  resultats  du  calcul  par  la  methode  integrals 
sont  compares  a  l’experience.  Les  epaisseurs  de  quantite  de  mouvement  longitudinale  et 
transversale  sont  prfdites  avec  une  bonne  precision.  11  en  est  de  m6me  pour  la  prediction 
de  la  direction  des  lignes  de  courant  parietales. 

b)  Diffuseur  tournant 


Dans  cet  example  thSorique  reports  dans  la  reference  /16/,  on  s’interesse  a  la  couche 
limite  sur  un  diffuseur  tournant. 


Lorsque  le  diffuseur  est  fixe,  la  position  de  la  ligne  de  dgcollement  depend  de  1' angle 
d ' entrSe .  Le  dficollement  se  rapproche  de  l’entrfie  lorsque  l'angle  d'entrSe  augmente 
(figure  7) . 

Pour  un  angle  d'entrSe  donnS,  la  figure  8  raontre  l’effet  de  la  rotation  du  diffuseur. 

La  vitesse  de  rotation  est  rapportSe  3  la  vitesse  pSriphSrique  de  l'Scoulement  3  1'entrSe 
du  diffuseur.  Lorsque  la  vitesse  de  rotation  augmente,  le  dScollement  se  produit  plus  loin 
de  1'entrSe  puis  la  direction  des  lignes  de  courant  s'inverse.  Le  dScollement  continue  3 
s'Sloigner  de  1'entrSe.  Aucun  dScollement  n'a  StS  trouvS  pour  0*  =  0  .  *  !• 


CONCLUSION 


Une  mSthode  intSgrale  de  calcul  de  couche  limite  permet  de  calculer  avec  precision 
et  3  un  faible  coQt,  l'evolution  de  la  couche  limite  tridimensionnelle  dans  un  compresseur . 

L'emploi  de  solutions  de  similitude  corane  families  de  profils  de  vitesse  permet  de 
prendre  en  compte  facilement  les  effets  de  la  turbulence  extSrieure,  la  rotation  ou  la 
courbure  de  paroi. 

L 'utilisation  d'un  modSle  de  turbulence  du  type  longueur  de  melange  deduit  d'une 
etude  des  equations  de  transport  des  tensions  de  Reynolds  met  en  evidence  l’effet  stabili- 
sant  ou  destabilisant  de  la  courbure  longitudinale  et  de  la  composante  du  vecteur  rotation 
normale  3  1 ' §coulement  longitudinal.  La  composante  du  vecteur  rotation  normale  3  la  paroi 
cr6e  d'autre  part  des  effets  tridimensionnela,  tant  par  la  modification  des  lois  de  vitesse 
extdrieure  que  par  son  effet  sur  la  turbulence. 

Dans  les  cas  tests  considers,  la  methode  integrale  donne  des  resultats  corrects  ; 
cependant,  on  manque  de  donnSes  sur  des  cas  proches  de  la  rSalitS  oil  apparaiBsent  3  la 
fois  les  effets  de  courbure  de  paroi,  de  rotation,  de  turbulence  extdrieure  sur  des  cou¬ 
ches  Unites  tridimensionnelles.  Des  experiences  de  couche  limite  tridimensionnelle  en 
rotation  fourniraient  un  dSfi  intSressant  pour  les  mSthodes  de  calcul. 


REFERENCES 

/l/  MICHEL  R. ,  QUEMARD  c.,  DURANT  R.  -  "Application  d'un  schema  de  longueur  de  melange  3 

1 'etude  des  couches  Unites  turbulentes  d'Squilibre*  Note  technique  ONERA  N"  154  (1969) 

/2/  COVSTBIX  J.  -  "Analyse  th&orlque  et  a oyens  de  prevision  de  la  couche  limite  turbulente 
tridimensionnelle"  Publication  ONERA  N*  157  (1974) 

/3/  AUPOIX  B.,  COUSTEIX  J.  -  "Etude  et  dSveloppement  d'une  methode  integrale  de  calcul  de 
couche  limite  tridimensionnelle  (laminaire-turbulent)  adaptSe  aux  compresseurs" 

Rapport  interne 

/4/  ARNAL  D.,  COUSTEIX  J.,  MICHEL  R.  -  "Couche  limite  se  dSveloppant  avec  gradient  de 
pression  posit if  dans  un  Scoulement  extSrieur  turbulent’  La  Recherche  Aerospatiale 
N"  1976-1  (1976) 

/5/  COUSTEIX  J.,  HOUDEVILLE  R.  -  "Methode  intSgrale  de  calcul  d'une  couche  limite  turbu¬ 
lente  sur  une  paroi  courbSe  longltudinalement"  La  Recherche  Aerospatiale  N"  1977-1 
pp.  1-13  (1977) 

/6/  COUSTEIX  J. ,  AUPOIX  B.  -  "ModSlisation  des  equations  aux  tensions  de  Reynolds  dans  un 
repSre  en  rotation*  La  Recherche  ABrospatiale  N"  1981-4  pp.  275-285  (1981) 

/7 /  ELSENAAR  A.,  BOELSMA  S.H.  -  "Measurements  of  the  Reynolds  stress  tensor  in  a  three- 

dimensional  turbulent  boundary  layer  undt.  swept  wing  conditions’  NLR  TR  74095  U  (1974) 

/8/  ROTTA  J.C.  -  "A  family  of  turbulence  models  for  three-dimensional  thin  shear  layers" 
Symposium  on  Turbulent  Shear  Flows  -  PENNSYLVANIA  State  University  -  pp.  10.27-10.34 
(1977)  1 

/9/  COUSTEIX  J.,  AUPOIX  B.  -  "Three-dimensional  boundary  layers  :  turbulence  modelisation 
and  calculation  methods"  Second  Symposium  on  Turbulent  Shear  Flows  -  Imperial  College, 
LONDON  -  pp.  15.25-15.30  (1979) 

A0/  ARNAL  D. ,  HABIBALLAH  M. ,  DELCOURT  v.  -  "SynthSse  sur  les  mSthodes  de  calcul  de  la 
transition  ddveloppSes  au  DERAT"  Rapport  interne 

AX/  BEASLEY  j.a.  -  "Calculation  of  the  laminar  boundary  layer  and  the  prediction  of  tran¬ 
sition  on  a  sheared  wing"  ARC  R  «  M  3787  (1973) 

A3/  POXIORINI  R.  -  "Des  turbulente  StrOarangsfeld  in  einem  langen  Kreiskegel-Dlffusor’ 

Ph.  D.  Dissertation  5646,  EidgenOssischen  Technischen  Hochschule  I0RICB,  Ed.  Truninger 
AO,  S0RICR  (1976) 

/13/  SO  R.M.C.,  MELLOR  o.L.  -  "An  experimental  investigation  of  turbulent  boundary  layer 
along  curved  surfaces"  NASA  CR  1940  (1972) 


14-9 


/14/  MEAUZE  G.  -  "Transonic  boundary  layer  on  compressor  stator  blades  as  calculated  and 
measured  in  wind  tunnel"  Fourth  International  Symposium  on  Air  Breathing  Engines 
ISABE  ORLANDO  (1  -  e,  April  1979) 

/IS/  COUSTEIX  J.,  MICHEL  R.  -  "Analyse  exp6rimentale  et  thSorique  des  couches  limites  tur- 
bulentes  tridimensionnelles  dans  un  canal  supersonique  courbe*  La  Recherche  Aerospa¬ 
tiale  N°  1975-1  pp.  1-10  (1975) 

/16/  MICHEL  R.  -  "Mdthode  de  calcul  de  la  couche  limite  turbulente  tridimensionnelle 

jusqu'A  la  separation.  Application  a  un  cas  simple  de  turbomachine"  Groupe  ad  hoc 
AGARD  sur  les  effets  de  couches  limites  dans  les  turbomachines  -  PARIS 
(18  -  21  avril  1972) 


REMERCIEMENTS 

Les  auteurs  tiennent  a  remercier  Messieurs  ARNAL,  HOUDEVILLE,  MEAUZE  et  RIBAUD  pour 
leur  aide. 


Figure  1  -  Faible  turbulence  extOrieure 


Calcul  dans  un  diffuseur  conique  -  Experience  de  POZZORINI 
Evolution  du  coefficient  de  frottement  parietal 
Cfpt  :  tube  de  PRESTON 
Cfc  :  loi  de  paroi 
Evolution  du  coefficient  de  pression 


Figure  2  -  Forte  turbulence  extdrieure 


Figure  3  -  Couche  limite  sur  paroi  courbe 
Experience  de  SO  et  MELLOR 
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DISCUSSION 


Ph.Ramette,  Fr 

( 1 )  Pourriez  vous  preciser  comment  !e  mod  Me  de  longueur  de  melange  a  ete  modifie  pour  prendre  en  compte 
la  turbulence  exterieure? 

(2)  Pouvez-vous  appliquer  votre  modele  a  des  roues  de  compresseurs  axiaux? 

Rdponse  d'Auteur 

(1)  Le  modele  de  longueur  de  melange  utilisd  dans  le  cas  avec  turbulence  exterieure  est  donne  dans  les 
references  3  et  4  et  dans  le  papier  ecrit. 

(2)  N’etant  pas  turbomachiniste,  je  ne  connais  pas  d’experience  de  grille  en  rotation  suffisammenl  documents 
pour  foumir  un  cas  test  au  code  de  calcul. 


VISCOUS  EFFECTS  AND  HEAT  TRANSFER  IN  A  CALCULATION  METHOD  FOR  AXIALSYMMETRIC 
FLOW  IN  MULTISTAGE  TURBOMACHINES  USING  THE  STREAM  FUNCTION 


W.  Sandel 
Dipl.  Ing. 

UniversitXt  Stuttgart 
Inst.  f<ir  Luftfahrt-Antriebe 
Pfaf fenwaldring  6 
7000  Stuttgart  80 


SpffilABY 

A  method  is  described  for  including  viscous  effects  and  heat  transfer  in  a  through-flow 
computation  procedure  based  on  the  stream  function  approach  for  steady  axialsynunetric 
flow.  Viscous  shear-stress  and  heat  conduction  relations  are  used  within  a  coarse  grid 
resolution  due  to  storage  and  computation  time  limitations  in  multistage  applications. 
Near  the  end  walls  an  analytical  function  is  used  to  model  the  dissipation  rate.  The 
approach  allows  for  energy  transport  across  streamlines. 


LIST  OF  SYMBOLS 

A  area 

c  velocity  vector 

c^  velocity  component  within  the  meridional  plane 

cr  radial  velocity  component 

cu  circumferential  velocity  component 

cz  axial  velocity  component 

e  stands  for  h  or  1 

fu  circumferential  viscous  force  component  per  unit  mass 
ht  stagnation  enthalpy  per  unit  mass 

i  rothalpy  per  unit  mass 

L  direction  tangential  to  the  streamlines 

Ma  Mach  number 

N  direction  normal  to  the  stream  surface  or  normal  to  cf 

n  direction  normal  to  c  within  the  meridional  plane 

m  r 

4  heat  flux  vector 

6  heat  delivered  per  unit  volume 

r  radial  direction 

s  entropy  per  unit  mass 

T  temperature 

V  volume 

h  mechanical  work  delivered  per  unit  volume 

z  axial  direction 

angle  within  meridional  plane  between  z-axis  and  c_ 

_  m 
i  coefficient  of  viscosity 

A,  coefficient  of  heat  conduction 

?  density 

£  stress  tensor 

dissipation  per  unit  volume 

V  stream  function 

to  rotor  angular  velocity 

V  Nabla  operator 

(  ) 1  transposed  matrix 


Subscribts: 

abs  absolute 

r  radial 

rel  relative 

u  circumferential 

axial 


z 


f  ' 
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rSTROOUCTIOM 


The  internal  flow  in  turbomachines  is  unsteady,  three-dimensional,  compressible,  viscous 
and  nonadiabatic.  It  is  guided  through  a  sequence  of  rotating  and  stationary  passages. 

Since  the  numerical  analysis  in  this  generality  is  too  complicated  for  available  calcu¬ 
lation  methods,  through-flow  methods  are  built  around  simplified  models  of  the  turbo¬ 
machine  flow.  Through-flow  methods  usually  assume  steady  flow  conditions  and  the  three- 
dimensional  flow  is  approximated  by  iterative  coupling  of  two  two-dimensional  computations 
on  the  SI  -  blade-to-blade  stream  surface  and  the  S2  -  hub-to-shroud  stream  surface  / 1 / . 

This  paper  deals  with  the  computation  of  the  flow  on  the  meridional  plane  with  the  further 
assumption  that  the  turbomachine  flow  be  axialsymmetric.  The  S2-stream  surface  is  used  to 
introduce  the  turning  effect  of  the  blading. 

In  the  through-flow  calculation  on  the  meridional  plane  viscous  effects  are  often  accounted 
for  as  total  pressure  loss,  blockage  and  as  change  in  blade  turning.  They  are  defined  by 
empirical  correlations  and/or  by  end-wall  boundary-layer  computation  methods  /2,3,4,5/. 

Such  an  approach  applies  an  entropy  change  on  the  streamline  but  usually  assumes  constant 
stagnation  enthalpy  or  rothalpy  along  the  streamline  /6,7/.  Therefore  no  transfer  of  energy 
is  allowed  across  streamlines. 

A  different  approach  was  investigated  which  is  based  on  an  attempt  to  couple  viscous  effects 
to  the  local  flow  properties  by  introducing  shear  stress  and  heat  conduction  relations 
into  an  existing  computation  procedure  which  employs  the  stream  function  in  its  mathematical 
formulation.  Energy  transport  effects  due  to  shear  stress  and  heat  conduction  are  considered 
by  computing  diffusive  energy  transport  terms  throughout  the  computational  field.  Losses 
are  derived  by  using  a  dissipation  function.  With  respect  to  future  multistage  applications 
with  their  high  demand  on  computer  storage  only  a  rough  computational  grid  resolution 
in  cross-stream  direction  is  presupposed.  Strong  curvatures  in  the  velocity  profiles  near 
the  end-walls  are  simulated  by  analytical  velocity  distributions  which  serve  to  model  the 
dissipation  rate. 


VISCOUS  EFFECTS 


For  a  realistic  computation  of  viscous  flows  one  would  like  to  solve  the  Navier-Stokes- 
equations  together  with  a  turbulence  model.  For  the  application  in  a  through-flow  method 
intended  for  multistage  machines  this  approach  has  some  drawbacks: 

-  The  numerical  solution  for  the  Navier-Stokes-equatlons  with  a  finite-difference 
method  calls  for  high  resolution  in  the  discretized  representation  of  the  flow 
region.  On  the  other  hand,  the  scale  of  the  whole  region  to  be  covered  for  a 
multistage  computation  is  large  in  comparison  to  the  scale  of  the  necessary 
resolution  of  the  physical  events  and  the  resulting  very  high  number  of  grid 
points  is  uneconomical  or  even  unfeasable  with  today’s  computers. 

-  The  axialsymmetric  model  in  itself  introduces  many  simplifications;  it  would 
be  unreasonable  to  apply  a  costly  Navier-Stokes  procedure  that  could  not 
perform  to  its  inherent  capabilities  because  of  the  restrictions  imposed  on  it 
by  the  axialsymmetric  assumption. 

For  these  reasons  one  must  compromise  on  the  modelling  of  viscosity.  Common  practise  is 
to  concentrate  on  the  dissipation  effect  and  to  apply  corrections  to  the  computation  of 
the  predominantly  inviscid  flow  by  the  introduction  of  total  pressure  losses  and  to 
account  for  the  effect  of  reduced  boundary-layer  mass  flow  on  the  main  flow  by  diminishing 
the  passage  cross-section  area  accordingly.  Some  of  the  losses,  for  example  profile  loss, 
have  their  origin  in  the  cascade  flow  and/or  are  dependent  of  three-dimensional  flow 
effects,  for  example  secondary  flow-  and  clearance  flow-losses.  These  can  be  accounted  for 
in  a  two-dimensional  through-flow  method  only  in  a  general  way,  as  is  usually  done  in  the 
form  of  empirical  loss  correlations.  The  end-wall  effects,  although  coupled  with  secondary 
flows,  are  related  to  velocity  profile,  shapes  which  can  be  represented  in  the  meridional 
plane  and  are  therefore  expected  to  be  better  suited  for  modelling.  In  addition  to  the 
dissipation  effect  the  transport  of  mechanical  energy  by  viscous  shear  stress  is  another 
aspect  of  viscosity  in  the  wall  region  of  the  flow.  In  a  compressor,  for  example,  one 
has  to  assume  that  the  low  energy  fluid  particles  in  the  wall  region  move  against  the 
increasing  pressure  through  transfer  of  energy  from  the  inner  flow  regions. 

In  the  version  of  the  through-flow  method,  which  is  described  here,  an  attempt  is  made  at 
modelling  the  viscous  effects  arising  from  velocity  gradients  within  the  axialsymmetric 
flow.  These  effects  include  dissipation  as  well  as  the  cross-stream  transport  of  mechanical 
energy  through  accounting  for  work  done  by  shear  stresses  on  neighbouring  fluid  particles. 

A  model  for  the  heat  transfer  arising  from  temperature  gradients  in  the  meridional  plane 
is  included. 
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THE  BASIC  STREAM  FUNCTION  METHOD 


The  basic  through-flow  method  used  to  implement  the  expansion  is  characterized  by  the 
use  of  the  stream  function  /8/.  The  mathematical  formulation  is  a  modification  of  Wu's 
principal  equation.  Similar  equations  are  derived  for  rotor,  stator  and  annular  duct 
regions.  A  compressor , for  example,  is  assembled  by  combining  these  subregions. 

Due  to  the  similar  formulation  the  main  computational  variables  ,  the  stream  function  , 
the  total  energy  terra  e  and  the  entropy  s  can  be  solved  in  the  same  way  for  the  different 
regions.  Stator  and  annular  duct  regions  are  formulated  in  the  absolute  reference  frame, 
the  rotor  region  in  a  rotating  system. 

The  stream  function  approach  is  in  common  use  for  through-flow  computations.  It  ensures 
the  conservation  of  mass  flow  and  an  easy  application  of  the  necessary  boundary  conditions 
for  Y.  Solved  with  a  finite-difference  relaxation  method,  it  shows  good  convergence. 

The  circumferential  velocity  component  in  the  annular  duct  region  is  derived  from  the 
angular  momentum  equation.  For  the  region  influenced  by  stator  or  rotor  it  is  given 
through  the  S2-stream  surface.  The  stream  surfaces  are  currently  assembled  through  radial 
stacking  of  plane  cascade  turning  correlations  in  connection  with  an  assumed  linear 
deviation  angle  distribution  for  the  streamline  shape  between  leading  and  trailing  edge 
of  the  blading.  The  turning  depends  on  the  inflow  conditions  to  the  blade  regions  and 
adjusts  the  stream  surfaces  with  the  ongoing  iteration  process. 


EQUATIONS 


If  one  derives  the  main  equations  starting  with  the  shear  stress  relation  in  the  momentum 
equation  and  iitroducing  Fourier's  heat  conduction  relation  in  the  energy  equation  one 
obtains  the  following  set  of  equations: 


The  principle  equation  for  the  stream  function: 

2  2 

*2  J  V  ry 

(1-Ma  )  -  +  -  *  right-hand  side  (RHS) 

3L2  3n2 


(1) 


The  formulation  is  projected  on  the  meridional  plane  (for  the  annular  duct  region)  or  on 
the  plane  tangential  to  the  stream  surface  (for  the  bladed  region) .  L  denotes  the  local 
direction  of  the  streamline  and  N  the  direction  normal  to  L  either  in  the  meridional  plane 
(annular  ducts)  or  in  the  plane  tangential  to  the  stream  surface  (bladed  region) . 

See  fig.  1  and  fig. 2. 

The  Mach  number  depends  on  the  respective  region: 

* 

annular  duct:  Ma  is  derived  from  meridional  velocity 

* 

stator:  Ma  is  derived  from  absolute  velocity 

* 

rotor:  Ma  is  derived  from  relative  velocity 

The  right-hand  side  of  the  equation  contains  derivatives  of  stagnation  enthalpy/rothalpy 
and  entropy  and  in  addition  for  the  annular  duct  region  derivatives  of  angular  momentum 
or  for  the  bladed  region  derivatives  of  the  stream  surface  orientation  and  blockage 
factors . 

The  angular  momentum  equation  used  in  annular  ducts: 


?£'r,rcu,abs>  *  rfu 

The  transport  equations: 

•  • 

fc»ve  »Q+W 

fcTtya  •  Q  +  $ 


(2) 

(3) 

(4) 


The  additional  terms  can  be  identified  aa: 

-  source  of  heat  through  dissipation  V 

-  supply  of  energy  through  work  done  by  viscous  forces  on  the  moving  fluid  W 

-  supply  of  heat  through  heat  conduction  Q 
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The  terms  -  dissipation,  mechanical  work  done  and  heat  conduction  -  are  related  to  the 
computed  flow  and  the  end-wall  boundary  conditions  through  the  shear  stress  definition 
following  Newton's  relation  together  with  Stoke 's  assumption 


T  -  7  ( 7c  ♦  Ivcl4  -  I  )  (5) 


with 


(6  =  T  •• 

(6) 

w  =  -  r.c  ) 

(7) 

and  Fourier's  law  of  heat  conduction 


3  =  -A.VT 


with 


(8) 


q  =  -  v*  a 


(9) 


Further,  it  is  assumed  that  one  can  neglect  the  streamwise  diffusive  energy  transport 
as  opposed  to  the  cro3S-stream  transport.  With  the  axialsymmetric  model,  diffusive 
transport  in  the  circumferential  direction  is  already  precluded.  The  only  diffusive 
energy  transport  direction  taken  into  account  is  therefore  the  cross-stream  direction. 
This  ''parabolization"  of  diffusive  transport  simplifies  the  solution  algorithm  but  still 
contains  the  major  effects. 

Profile  losses  still  must  be  introduced  through  correlations  in  the  form  of  additions 
to  the  dissipation  term,  since  they  cannot  be  related  to  the  meridional  flow  directly. 


SOLUTION  PROCEDURE 


The  solution  follows  a  relaxation  procedure.  The  stream  function  equation  and  transport 
equations  are  coupled  through  iterations.  To  linearize  the  set  of  nonlinear  partial 
differential  equations,  the  hfc  /  i  and  s  values  are  assumed  to  be  constant  when  computing 
the  stream  function  and  the  Tk  values  are  held  constant  while  solving  the  transport 
equations  on  each  iterative  step.  The  stream  function  equation  is  solved  with  the  finite 
difference  method. 

The  range  of  applications  for  which  this  approach  is  intended  can  be  described  as  a  flow, 
where  the  viscous  and  heat  conduction  effects  can  be  considered  as  corrections  to  an 
otherwise  invlscld  flow.  It  is  not  capable  to  provide  solutions  for  strong  viscous  effects 
as  in  the  case  of  flow  separation.  The  dominance  of  convective  energy  transport  must  be 
ensured  to  get  a  stable  iterative  solution  procedure. 

Using  less  spatial  resolution  than  the  accurate  describtion  of  the  physical  process 
actually  requires  means  limiting  oneself  to  the  description  of  the  effect  of  this  process 
on  a  spatially  averaged  approximation  of  the  real  process.  With  the  use  of  second  order 
polynomials  in  the  central  difference  scheme  for  the  derivatives  the  stream  function 
solution  is  not  able  to  develop  for  example  a  thin  boundary-layer  velocity  profile  with 
the  given  coarse  computational  grid.  It  provides  a  velocity  distribution  which  represents 
spatially  averaged  values  for  the  mass  flow.  Therefore  the  values  of  h.  /  i  and  s, 
which  are  used  in  the  stream  function  equation  and  which  the  transport  equations  should 
deliver,  must  fit  this  averaged  conception. 

The  method  for  the  solution  of  the  transport  equations  is  built  around  the  concept  of 
energy  and  entropy  fluxes.  The  convective  component  of  the  fluxes  is  described  through 

/’  ce  and  yes  ,  according  to  the  computational  variables  e  and  s.  These  convective 
luxes  are  coupled  to  the  averaged  mass  flow  given  by  the  stream  function.  The  transport 
equations  relate  the  convective  energy  transport  to  the  diffusive  energy  transport  and  the 
dissipative  energy  sources.  Diffusive  transport  is  expressed  through  the  derivatives  of 
the  velocity  and  temperature  field  in  the  flow.  Since  'derivatives  are  defined  for  points 
in  the  field  rather  than  for  volumes  it  is  difficult  to  express  the  proper  averaged 
values  to  be  used  to  correct  the  transported  mean  amount  of  energy  /  entropy.  This  is 
valid  especially  in  the  region  close  to  the  end-wall,  where  the  velocity  to  be  modelled 
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is  rapidly  changing  in  the  direction  normal  to  the  wall. 

A  method  working  on  control  volumes  (CV) ,  the  boundaries  of  which  are  defined  through  the 
computational  grid,  was  found  to  be  suited  for  the  computation  of  the  transport  equations 
Fluxes  into  the  control  volume  as  well  as  end-wall  boundary  conditions  can  be  defined  on 
the  control  volume  faces,  whereas  dissipation  is  described  ‘■hroughout  the  volume.  By 
adding  these  boundary  energy  /  entropy  fluxes  to  the  mean  energy  flux,  they  are  averaged 
over  the  whole  control  volume.  Local  conditions  can  thus  be  introduced  with  their  effect 
on  the  mean  convective  energy  flux.  The  use  of  a  coarse  grid,  as  a  necessity  for  multi¬ 
stage  computation,  avoids  at  the  same  time  low  velocity  flows.  The  mean  mass  flow  throuqh 
the  control  volume  can  be  controlled  by  adjusting  the  volume  size  to  be  greater  than  the 
stability  limit  requires. 

To  apply  the  volume  method,  the  transport  equations  must  be  recast  via  a  conservative 
formulation 


V* (  f  ce  ) 


-v-3  -  (  r-c  i 


(1o) 


V*(  f  cs 


(-v>a  ♦  !"*•  vc 


(11) 


in  an  integral  formulation 


j^yce-dA  =  -^q-dA  -^T(  £  •  c  ) .  dA  (12) 

A  A  A 

j^j>cs.dA  =  -i-  (  -^3-dA  +  J" (  T—Vc  )dV  (13) 


Under  steady  state  conditions  there  cannot  be  any  accumulation  of  energy  /  entropy  inside 
the  control  volume.  This  fact  is  used  to  solve  the  transport  equations.  In  the  volume 
method  the  energy  /  entropy  convection  out  of  the  control  volume  through  the  borderline 
b)  in  figure  3  is  determined  from  the  balance  over  all  in-  and  outflowing  or  generated 
energy  /  entropy  that  contributes  to  the  energy  /  entropy  flows  fee  and  pcs  through 
the  volume.  The  sum  of  all  energy  /  entropy  fluxes  disappears  for  steady  flow  conditions. 

Considered  fluxes  are: 


-  Convective  flux  of  total  energy  /  entropy  pee  ,  pcs  (which  must  be  the  main 
fluxes) 

-  Flux  of  mechanical  energy  over  control  volume  faces  through  work  done  by  viscous 
shear  stress 


(  %'S.  > 


if  2  2  ^Cz  ^r  *cu  Jcu  CuCz  <?cr  ^cz  1 


(14) 


-  Flux  of  heat  across  control  volume  faces  from  heat  conduction 


a 


(’°r  7z*c‘iT 


(15) 


-  Heat  source  inside  the  control  volume  which  represents  the  heat  generation  by 
dissipation 

¥  ■  7(iUi K] 

i  L  in  r  in  r  in  r  in  in  in  J 

)2+sinic  2*  (cos*— ^  -  sin* — £)  2  i  (16) 

in  r  in  in  in  J 


+  (cosr.  - 
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Important  for  the  determination  of  energy  /  entropy  fluxes  and  the  dissipation  are  the 
velocity  derivatives  normal  to  the  flow.  These  are  computed  in  the  inner  flow  field  by 
central  differencing.  While  fluxes  must  be  determined  only  at  the  volume  boundaries 
without  regard  to  the  distribution  throughout  the  volume,  dissipation  must  be  integrated 
over  the  control  volume  domain.  Therefore  an  assumption  on  the  shape  of  the  velocity 
distribution  over  the  control  volume  must  be  made.  In  the  inner  flow  field  constant 
velocity  gradients  were  assumed  throughout  the  control  volume.  At  the  end-walls,  however, 
the  no-slip  wall  condition  must  be  observed,  although  it  will  not  be  reproduced  in  the 
velocity  profile  of  the  solution  because  of  the  coarse  grid  computation.  An  analytical 
velocity  distribution  function  normal  to  the  wall  is  established,  which  differs  from  the 
computed  velocity  profile,  but  which  contains  the  no-slip  wall  boundary  condition  and  is 
used  only  to  model  the  dissipation  rate  near  the  wall.  This  velocity  distibution  function 
is  introduced  in  the  dissipation  function  and  integrated  analytically  over  control  volume. 
The  modelling  of  this  velocity  distribution  is  of  great  influence  on  the  wall  flow; 
further  work  must  be  done  to  find  an  improved  model. 

The  transfer  of  mechanical  energy  across  the  end  walls  is  set  at  zero  according  to  the 
no-slip  condition,  as  is  the  transfer  of  heat  according  to  the  condition  of  adiabatic 
walls. 

The  volume  approach  for  the  solution  of  the  transport  equations  has  several  advantages 
over  a  finite  difference  procedure: 

-  Since  the  energy  /  entropy  flux  out  of  one  control  volume  is  identical  to  the 
flux  into  the  adjacent  control  volume  over  the  same  boundary,  energy  /  entropy 
fluxes  are  preserved. 

-  The  equations  are  not  formulated  for  a  point  in  the  field  but  over  a  small 
area  or  volume.  This  in  itself  provides  the  necessary  averaging  of  h  /  i  and 
s  over  the  control  volume  or  mesh  spacing. 

-  The  control  volume  approach  does  not  assume  a  priori  a  certain  shape  for  the 
distribution  of  the  flow  properties  between  its  boundaries  as  the  finite 
difference  approach  does  between  its  mesh  points  (e.g.  second  order  polynomials). 
Since  the  control  volume  approach  uses  only  the  integral  of  the  dissipation 
inside  the  control  volume,  any  suitable  analytic  function  may  be  used  which 
eases  the  way  to  model  the  wall  boundary  layers. 

-  It  can  be  expected  that,  by  adjusting  the  size  of  the  control  volume,  the 
average  mass  flow  through  the  control  volume  will  be  large  enough  to  fullfill 
the  stability  condition  of  dominance  of  convective  energy  transport  even  in  a 
wall  element  with  imposed  no-slip  condition. 


COMPUTED  EXAMPLE 


The  velocity  distribution 
( see  fig.  4 ) 
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function  used  for  modelling  of  the  dissipation  is  of  the  form: 


'xl 


)  (e 
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1) 


where 


the  modelled  velocity  component  c^,  c cu 

the  function  parameter  for  the  velocity  component 

the  coordinate  normal  to  the  meridional  streamline 


n1  =  endpoint  of  function  interval  at  wall 
n^  *  inner  endpoint  of  function  Interval 

Here  1o»  of  the  channel  hight  were  chosen  for  the  interval  distance.  The  function  parameter 
is  defined  by  the  velocity  conditions  at  both  ends  of  the  analytical  function  interval. 

At  the  wall  the  velocity  component  c  .  is  set  at  zero;  at  the  inner  c  dpoint,  the 
velocity  component  c  -  is  equal  to  tne  computed  velocity.  The  function  parameter  g  is 
derived  for  each  component  through  the  condition  that  the  slope  of  the  analytical 
velocity  distribution  equals  the  slope  of  the  velocity  in  the  computed  field  at  the  inner 
endpoint. 


Figures  7,  8,  9  show  an  example  for  a  computation  of  the  flow  through  a  1 -stage  model 
compressor  to  demonstrate  the  feasibility  of  the  described  method.  Other  losses  than  the 
dissipation  effect  are  not  included. 

Figures  I,  6  compare  the  radial  distribution  of  the  axial  velocity  component  behind  the 
stator  and  the  stagnation  pressure  increase  through  the  stage  for  the  case  of  inviscid 
computation  and  for  the  dissipation  model  turned  on. 


The  amount  of  diffusive  energy  transport  in  this  test  case  is  very  small  compared  to  the 
amount  of  dissipated  energy  at  the  wall,  although  the  qualitative  behaviour  like  supply 
of  mechanical  energy  to  the  wall  volume  and  the  outflow  of  heat  from  the  wall  volusm  was 
shown  in  the  printout.  However,  the  test  case  is  only  a  single  stage  compressor  and  the 
radial  temperature  profile  is  relatively  flat  due  to  the  even  radial  distribution  of 
energy  supply  through  the  rotor. 


CONCLUSION 


The  method  described  here  includes  energy  transport  in  cross-stream  direction  from  viscous 
effects  and  heat  conduction  as  well  as  a  dissipation  model  in  a  through-flow  computation 
based  on  the  stream  function  formulation  for  S2-surfaces.  The  main  features  of  the  method 
can  be  summarized  as  follows: 

-  use  of  coarse  computational  grid 

-  diffusive  transport  terms  and  dissipation  terms  ’corrective"  to  a  mainly  convective 
flow  situation  (no  recirculating  flow  effects) 

-  concept  of  energy  /  entropy  fluxes 

-  spatially  averaged  derivation  of  energy  /  entropy  values  for  the  stream  function 
equation 

-  diffusive  transport  of  energy  as  work  done  by  viscous  forces  on  neighbouring  fluid 
elements,  and  as  heat  conduction 

-  use  of  volume  method  and  integral  formulation  of  energy  /  entropy  transport  equations 

-  analytical  integration  to  determine  the  dissipated  energy  in  the  wall  control  volume 
and  use  of  velocity  profile  function  near  wall. 

It  has  been  indicated  that  shear  stress  and  heat  conduction  relations  can  be  introduced 
in  the  stream  function  approach  as  long  as  they  can  be  considered  as  "corrections"  to  an 
otherwise  inviscid  flow.  However,  in  order  to  aquire  an  applicable  dissioation  rate  at 
the  end-walls,  it  is  necessary  that  further  progress  be  made  toward  a  more  realistic 
velocity  distribution  model  at  the  wall. 
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DISCUSSION 


Hamed 

( 1 )  Have  you  considered  stream  surface  warpage  that  would  be  encountered,  particularly  in  the  region  of  high 
entropy  production  near  the  end  wall? 

(2)  Is  the  drag  force  in  the  momentum  equation  consistent  with  the  entropy  production? 

Author’s  Reply 

(1)  No. 

(2)  Yes,  for  the  inner  flow  region;  at  the  wall,  however,  where  a  sub-sonic  velocity  distribution  is  modelled  and  the 
stream  function  equation  is  solved  for  the  mean  flow  of  the  grid  points,  there  might  be  a  discrepancy. 


Ph.Ramette,  Fr 

In  Figure  6  of  your  paper  giving  the  stagnation  pressure  increase  in  the  stage  versus  relative  channel  height,  the 
in  viscid  solution  shows  an  increase  from  90  to  100%.  Is  this  not  surprising? 

Author's  Reply 

No,  the  effect  results  from  a  bad  stream  surface  layout  for  the  rotor  region.  The  outflow  angle  was  given  at  three 
radial  positions  and  interpolated  in  between.  Close  to  the  casing,  a  small  change  in  turning  angle  results  in  a  large 
change  of  supplied  energy  through  the  rotor,  due  to  the  relatively  high  blade  speed  at  the  tip. 


F.Leboeuf,  Fr 

Did  you  make  any  comparison  with  a  through-flow  computation  method  which  assumes  a  coupling  with  a  secondary 
flow  computation  by  an  introduction  of  mass  flow  at  the  walls?  If  yes,  did  you  find  any  modification  of  the  static 
pressure  field  between  the  two  methods? 


Author's  Reply 

No. 
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EFFECTS  OF  A  SKEWED  INLET  END  WALL  BOUNDARY  LAYER 
ON  THE  3-D  FLOW  FIELD  IN  AN  ANNULAR  TURBINE  CASCADE 

by 

E.  Boletis,  C.H.  Sieverding,  W.  Van  Hove, 
von  Karman  Institute  for  Fluid  Dynamics, 
Chaussee  de  Waterloo,  72 
B  -  1640  Rhode  Saint  Genese,  Belgium 


SUMMARY  r  r-  ---  V  C  , 

The  paper  presents  the  results  of  an  experimental  investigation  on  the  effect  of  a 
skewed  inlet  boundary  layer  on  the  flow  field  in  a  low  speed,  low  aspect  ratio,  high  turn¬ 
ing  annular  turbine  nozzle  guide  vane.  Three  test  series, di f fer i ng  by  their  degree  of 
inlet  skew,were  performed. 

The  flow  was  explored  by  means  of  double  head  four  hole  pressure  probes  in  five  axial 
planes  from  upstream  to  far  downstream  of  the  blade  row.  Th«>resul ts  are  presented  in 
the  form  of  contour  plots  and  spanwise  pitch-averaged  distributions. 

The  axial  evolution  of  the  measured  pitch-averaged  spanwise  flow  angle  distribution 
is  compared  with  a  three  dimensional,  inviscid,  rotational  flow  ca  1  cul  at  i  on  . . 


LIST  OF  SYMBOLS 
C  chord 

CP  local  total  pressure  coefficient ,  (P01  Mg-P0, )/(Po i  ms’Ps  2 ^ 

CP0  total  pressure  loss,  (P0i  m$-Po2)/(Poi  ms'Ps,2^ 

CPS  local  static  pressure  coefficient,  (P01  iV)s-Ps  A  ) / C p o i  ms'^s,2' 
D  diameter 

g  pitch 

H  blade  height 

H1j2  boundary  layer  form  factor 
0  throat 

N  number  of  blades 

P  pressure 

R  radius 

C’h 

Re  Reynolds  number.  Re  =  — - — 


T 

Tu 


temperature 
turbulence  level  ,  Tu 


u 

Y 

v ' 
w 

*,y 

Y 
B 
B' 

Y 
6 

«* 


V 

u> 


peripheral  speed  of  the  rotating  hub  end  wall 
vel oci ty 

velocity  fluctuation 

velocity  in  the  coordinate  system  rotating  with  the  hub  end  wall 

coordinates  (see  Fig.  3) 

radial  distance  from  the  hub  end  wall 

flow  angle  in  blade-to-blade  plane 

blade  angle  (angle  between  tangent  to  camberline  and  axial  direction) 


radial  flow  angle,  y  =  arctg 


boundary  layer  thickness 
boundary  layer  displacement  thickness 
boundary  layer  momentum  thickness 
kinematic  viscosity 

angular  velocity  of  the  rotating  hub  end  wall 


Subscripts 


1  upstream  conditions,  defined  In  plane  X/CJJ(  *  -0.70 

2  downstream  conditions,  defined  In  plane  X/Cax  *  1-68 
atm  atmospheric  conditions 
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ax  axial  di rection 

H  hub 

i  local 

MS  mid  span 

n  cross  flow 

o  total  conditions 

r  radial  di rection 

s  static  conditions,  streamwise  direction 

T  tip 

Superscripts 

pitchwise  mass  averaged  value  or  time  averaged  value 
=  pitch-  and  spanwise  mass  averaged  values 

INTRODUCTION 

Due  to  the  complexity  of  the  flow  in  a  multistage  machine,  the  researchers  <~t  ."f'V. 
pelled  to  use  simplified  models  to  separate  clearly  the  different  effects  of  the  numerous 
geometric  and  aerodynamic  parameters  influencing  the  flow  field.  However,  a  continuous 
effort  has  to  be  made  to  adapt  the  models  step  by  step  to  the  real  flow  field. 

With  respect  to  the  subject  matter  "secondary  flows  in  turbine  bladings"  we  distin¬ 
guish  four  different  levels  in  approaching  the  real  flow  conditions  in  a  multistage  machine: 

(1)  Secondary  flow  in  straight  cascades. 

(2)  Flow  in  annular  cascades  reproducing  correct  radial  pressure  gradients. 

(3)  Flow  in  annular  cascades  with  skewed  inlet  end  wall  boundary  layer  reproducing  the 
near  end  wall  flow  conditions  which  are  due  to  the  transition  of  the  flow  from  a  relative 
(rotor)  to  a  fixed  frame  (stator)  and  vice  versa. 

(4)  Flow  in  annular  cascades  with  inlet  conditions  generated  by  a  preceding  stage.  Non 
ax i symmetri c ,  unsteady  inlet  flow  conditions  are  included  automatically. 

The  present  study  is  situated  at  the  third  level,  with  one  restriction  :  the  skewness 
of  the  inlet  flow  is  limited  to  the  hub  region  and  it  can  be  expected  that  the  effect  of 
a  skewed  tip  end  wall  boundary  layer  might  be  not  only  quantitatively  but  also  qualitatively 
different  from  the  effect  of  a  skewed  hub  end  wall  boundary  layer. 

The  occurrence  of  inlet  skew  at  the  entry  of  a  stator  is  illustrated  in  figure  1.  The 
velocity  flow  field  at  the  exit  of  a  rotor  blade  row  is  transformed  from  the  rotating 
frame  to  the  stationary  coordinate  system  fixed  with  respect  to  the  downstream  stator. 

This  carry  over  of  the  velocities  from  the  relative  to  the  stationary  frame  causes  signifi¬ 
cant  changes  of  the  incidence  angle  to  the  next  blade  row.  It  is  evident  that  the  pressure 
field  in  the  stator  passage  is  strongly  influenced. 

PREVIOUS  WORK  ON  INLET  SKEWNESS 

4  literature  review  shows  that  rather  little  work  has  been  devoted  so  far  to  the 
effect  cf  inlet  skew.  All  investigations  are  experimental  In  nature  and  are  carried  out 
at  low  speed. 

Moore  and  Ricnardson  (Ref.  1)  studied  the  effect  of  inlet  skew  on  the  end  wall  boun¬ 
dary  layer  evolution  through  a  plane  compressor  cascade.  The  inlet  skew  was  produced  by 
sucking  off  the  end  wall  boundary  layer  far  upstream  of  the  cascade  and  Injecting  high 
velocity  air  close  to  the  end  wall.  The  authors  measured  the  flow  field  along  the  center 
streamline  to  check  the  validity  of  different  assumptions  used  in  the  solution  of  integ¬ 
ral  momentum  equations  applied  to  the  flow  In  compressor  blade  passages. 

It  is  important  to  notice  that  the  natural  inlet  skew  to  compressor  blades  is  opposite 
to  the  skew  which  is  experienced  by  the  flow  within  the  blade  passage  as  a  result  of  the 
transverse  pressure  gradient,  while  for  turbine  cascades  the  inlet  skew  Is  reinforced  by 
the  transverse  pressure  gradient  Inside  the  blade  passage. 

Carrlck  (Ref.  2)  investigated  the  effect  of  inlet  skew  in  a  high  turning  plane  tur¬ 
bine  cascade.  The  skewed  Inlet  boundary  layer  was  generated  by  moving  a  belt  In  front  of 
the  cascade.  The  flow  field  was  surveyed  from  upstream  to  downstream  at  a  discrete  number 
of  points.  The  results  show  an  Increase  of  secondary  losses  with  skewness.  The  use  of 
three  hole  pressure  probes  did  not  allow  the  radial  flow  angle  to  be  measured. 

It  seems  that  the  first  experiments  In  an  annular  turbine  cascade  are  those  reported 
by  Klein  (Ref.  3).  The  experiments  were  carried  out  on  a  high  turning  steam  turbine  blade 
with  an  aspect  ratio  of  H/C  •  1.43.  The  Inlet  skew  was  generated  by  a  rotating  hub  end 
wall  with  a  rotational  speed  varying  from  zero  to  2.7  times  the  free  stream  velocity.  The 
measurements  included  blade  pressure  distributions  at  various  blade  heights  and  a  survey 
of  the  Inlet  and  outlet  flow  field  with  three  dimensional  pressure  probes.  The  blade 
pressure  distributions  are  affected  up  to  a  depth  corresponding  to  the  physical  Inlet 


16-3 


boundary  layer  thickness,  while  the  radial  extension  of  the  effect  of  inlet  skew  on  the 
outlet  flow  field  amounts  to  about  twice  the  inlet  boundary  layer  thickness.  The  losses 
with  respect  to  the  losses  at  zero  skew  increase  from  5%  at  U/Vuc  ,  =  1 .  to  20%  at 
U/VMS>1  -  2.  HS>1 

Bindon  (Ref.  4)  studied  the  effect  of  inlet  skew  in  a  low  turning  (n.45”),  low  aspect 
ratio  (H/C  =  0.67)  annular  turbine  cascade.  Similar  to  Klein,  Bindon  generates  the  inlet 
skew  by  rotating  the  hub  end  wall  ( U/V^s ,  1  ■  and  1.0).  The  inlet  and  outlet  flow 
field  is  surveyed  with  three  hole  pressure  probes,  but  the  measurements  do  not  cover  the 
whole  blade  span.  This  makes  it  difficult  to  evaluate  the  full  impact  of  the  inlet  skew 
on  the  outlet  flow  field.  Nevertheless,  the  measurements  indicate  that  its  influence  is 
felt  over  a  distance  of  more  than  three  times  the  inlet  boundary  layer  thickness.  Accord 
ing  to  the  author  the  overall  losses  with  inlet  skew  are  smaller  than  without  skew. 

It  appears  that  real  progress  in  the  understanding  of  the  evolution  of  secondary 
flow  in  annular  cascades,  in  the  presence  of  a  skewed  inlet  boundary  layer,  can  only  be 
obtained  by  exploring  the  complete  flow  field  through  the  cascade  with  probes  which  can 
measure  all  three  velocity  components.  This  work  has  been  undertaken  in  continuation  of 
the  work  reported  in  reference  6  which  presented  a  thorough  study  in  an  annular  cascade 
with  a  collateral  inlet  boundary  layer. 

EXPERIMENTAL  FACILITY  -  BLADE  AND  CASCADE  GEOMETRY 

The  tests  were  carried  out  in  the  VKI  open  loop  low  speed  turbine  test  rig.  A  full 
description  of  the  experimental  facility  and  the  experimental  procedure  are  given  in 
reference  6.  Figure  2  shows  a  sketch  of  the  section. 


The  investigated  guide  vane  has  a  constant  profile  over  the  blade  height  and  is  un¬ 
twisted  (Fig.  3).  The  blade  coordinates  are  given  in  reference  6.  The  most  important 
geometrical  characteristics  of  the  nozzle  row  are  summarized  below  : 


-  tip  diameter,  DT 

0.71 

m 

-  pitch  to  chord  ratio  at 

0.705;  0.795 

1 

-  hub  diameter,  Du 

0.566 

m 

hub,  mid  span  and  tip 

0.885 

-  chord  length,  C 

0.12 

m 

-  inlet  blade  angle,  Bj 

-7” 

-  axial  chord  length,  C,„ 

-  aspect  ratio,  H/C 

0.087 

m 

-  arc  cos  (0/g)  at  hub, 

69.0”;  67.8” 

0.6 

mid  span  and  tip 
(measured  values) 

66.8” 

-  number  of  blades,  N 

21 

NOTE  :  angles  are  given  with  respect  to  axial  direction.  The  blade  is  stacked  radially 

about  point  M  (Fig.  3).  The  blade  is  made  from  araldite.  A  tripping  wire  of  0.2  mm  0  i s  I 

placed  on  the  blade  suction  side  at  X/C  «  0.35  (measured  in  chordwise  direction). 

MEASURING  ACCURACY 

The  experimental  accuracies  associated  with  the  four  hole  probes  are  as  follows  : 

-  radial  position  of  probe  ±  0.1  mm  -  static  pressure  coefficient,  CP$  *  0.02 

-  axial  and  tangential  position  ±  0.5  mm  -  flow  angle  in  bl ade-to-bl ade  *  0.8” 

of  probe  plane,  b 

-  total  pressure  coefficient,  CP  t  0.01  -  radial  flow  angle  in  streamwise  ±  1° 

direction 

Note  that  the  measuring  accuracy  for  the  radial  flow  angle  deteriorates  for  wall  distances 
smal ler  than  2  mm. 

TEST  PROGRAM  ANO  OVERALL  TEST  CONDITIONS 

The  test  program  consisted  of  three  series  of  measurements  characterized  by  different 
degrees  of  inlet  skewness  : 

(1)  Zero  skew  serving  as  baseline. 

(2)  Moderate  skew  :  the  peripheral  velocity  U  of  the  rotating  hub  is  of  the  same  order  of 
magnitude  as  the  free  stream  velocity  at  mid  span  (U/VMS  j  *  0.90). 

(3)  Large  skew  :  the  peripheral  velocity  U  of  the  rotating  hub  Is  chosen  equal  to  the 
peripheral  speed  of  the  rotor  which  Is  designed  to  form  at  a  later  date  a  complete  stage 
with  the  subject  stator  (U/V^j  j  *  2.25). 

Based  on  the  results  In  reference  6,  five  characteristic  .planes  have  been  selected  to 
survey  the  flow  field  :  one  upstream,  two  Inside  the  passage  and  two  downstream  (see  Fig  3). 

In  each  plane  15  to  18  radial  traverses  were  made,  each  full  traverse  from  hub  to 
tip  containing  35  (from  upstream  to  X/C#J(  »  0.86)  or  50  points  (downstream  planes). 

The  test  conditions,  common  for  the  three  experiments,  are  summarized  below  : 
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Upstream  :  X/Cax  =  -0.70,  mid  span  : 

-  total  temperature,  T01  288“ 

-  total  pressure,  P0i  Patm  +  ram  H2° 

-  flow  angle  in  blade-  Q  j0 

to-blade  plane,  6i  u" 


-  radial  flow  angle,  yi 

-  velocity, 

-  Reynolds  number.  Re 

-  turbulence,  Tu 


0“ 

12. S  ra/s 
0 . 98*105 
O.fii 


The  rotating  hub  extends  from  X/C4X  ■  -0.15  to  X/Cax  «  -4.16.  The  distance  X/Cax  = 
-0.15  corresponds  to  about  twice  the  distance  of  the  end  wall  boundary  layer  saddle  point 
from  the  blade  leading  edge.  The  axial  distance  between  the  rotating  and  the  fixed 
stator  hub  is  about  0.2  mm. 

Downstream  :  X / C a x  =  1.68 

-  static  pressure  at  hub  P  .  -7  mm  H20  -  static  pressure  at  tip  p  +16  mm  H20 

for  zero  skew,  PS2  at  (remains  constant  in  all  atm 

(this  pressure  changes  cases) 

si  ightly  with  inlet 
skew) 

The  inlet  end  wall  boundary  layer  characteristics  measured  at  X/C  =  -0.70  are 
presented  in  the  following  table  :  a 

Hub  end  wall  : 


U/VMS 

,1  *  ° 

U/VMS,1  =  °'9 

U/VMS>1  =  2.25 

6ax'h 

0.12 

Ref.  6 

0.11 

0.16 

0.20 

*;x/h 

0.017 

0.017 

0.019 

0.025 

9ax/h 

0.010 

0.010 

0.015 

0.020 

H| 2 ,ax 

1.67 

1.67 

1.27 

1.25 

6*n/h 

0. 

0. 

0.018 

0.068 

en/h 

0.0 

0. 

0.004 

0.033 

CP0 

LI  : 

0.005 

0.008 

0.005 

U/VHS, 

1  *  0 

u/v«s.i  *  °-9 

U/VMS>i  .  2.25 

Ref  .6 


sax/h 

0.15 

0.15 

0.15 

0.15 

SaVh 

0.022 

0.025 

0.021 

0.022 

9ax/h 

0.017 

0.019 

0.017 

0.017 

Hl2  ,ax 

1.29 

1.33 

1.29 

1.29 

Vh 

0. 

0. 

0. 

0. 

en/h 

0. 

0. 

0. 

0. 

CP0 

0.008 

0.009 

0.009 

NOTE  :  The  above  values  are  averaged  over  the  half  span  distance.  Integrating  over 
the  whole  span,  CP0  would  take  the  values  0.007,  0.009  and  0.007  respectively. 

The  upstream  end  wall  boundary  layer  characteristics  of  reference  6  are  included 
for  comparison.  Small  differences  exist  at  the  tip  end  wall  between  the  present  values 
and  those  of  reference  6. 


The  radial  distribution  of  the  mass-averaged  inlet  flow  characteristics  (velocity  V, 
angle  in  blade-to-blade  plane  8,  radial  flow  angle  y  and  total  pressure  coefficient  cp0) 
are  presented  in  figure  4.  The  flow  angle  in  the  blade-to-blade  plane  is  Indicated  posi¬ 
tive  when  pointing  from  pressure  side  to  suction  side.  The  radial  flow  angle  r  is  defined 
as  the  ratio  of  radial  to  axial  velocity  component  : 

T  *  arctg  (Vr/V#x) 


It  is  positive  when  pointing  from  hub  to  tip. 
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DISCUSSION  OF  INLET  FLOW  CONDITIONS 

The  rotation  of  the  hub  end  wall  leads  to  an  important  modification  of  the  end  wall 
boundary  layer  character! sti cs .  The  increased  flow  path  length  of  the  boundary  layer 
combined  with  the  centrifuging  effect  of  the  swirling  flow  cause  a  significant  increase 
of  the  radial  extension  of  the  boundary  layer  (Fig.  4),  a  tendency  which  was  already 
observed  by  other  investigators  (Refs.  2,4,7).  Near  the  end  wall  the  swirl  angle  B  takes 
values  of  ^26°  and  ^52°  at  U/V^s  l  *  0.90  and  2.25  respectively,  while  the  maximum  measured 
radial  flow  angle  amounts  to  y  =’10°  at  U/Vms,1  ■  2.25  (Fig  4).  (Note  that  the  first 
recorded  value  of  y  is  at  2  mm  wall  distance.’  Closer  to  the  wall  the  accuracy  of  the 
radial  flow  angle  measurements  diminishes  considerably). 

It  is  the  usual  practice  to  decompose  skewed  boundary  layer  profiles  into  a  free 
stream  and  a  cross  flow  direction  (corresponding  to  axial  and  circumferential  direction 
in  the  upstream  measuring  plane).  The  tests  show  (see  table  in  preceding  paragraph)  that 
the  shape  factor  of  the  velocity  profile  at  the  free  stream  direction  decreases  with  skew¬ 
ness.  The  shape  factor  drops  from  H12,ax  =  l-67  (typical  for  profiles  in  transitional 
state)  to  H j 2 , ax  <  1-3  corresponding  to  a  turbulent  layer.  The  displacement  and  momentum 
thicknesses  in  both  axial  and  circumferential  directions  increase  with  skew.  From  the 
point  of  view  of  losses,  the  kinetic  energy  supplied  to  the  boundary  layer  leads  gradually 
to  an  increase  of  the  total  pressure  near  the  wall  such  that  the  loss  parameter  CP0  tikes 
negative  values  for  U/Vms,1  -  2.25  (Fig  4).  The  pitch-  and  spanwise  averaged  value  CP0 
first  increases  with  skew’before  dropping  to  the  same  value  as  at  U/V^j  j  =  0.  Similar 
tendencies  are  reported  by  Klein  (Ref.  2).  ’ 

The  fact  that  the  axial  boundary  layer  thickness  changes  with  skew  could  be  consi¬ 
dered  as  a  drawback  of  the  present  study.  However,  tests  in  straight  cascades  carried 
out  on  nozzle  blades  (Refs.  2,9)  indicate  that  the  amount  of  secondary  losses  generated 
within  the  blading  is  largely  independent  of  the  inlet  boundary  layer  thickness. 

Attention  must  be  drawn  to  the  fact  that  the  inlet  measurement  plane  is  situated  at 
a  distance  equal  to  70%  of  the  axial  blade  chord  from  the  leading  edge  plane  while  the 
rotating  hub  extends  further  downstream  to  a  distance  equal  to  15%  of  the  axial  chord  from 
the  leading  edge.  This  implies  that  the  inlet  characteristics  as  described  before  will 
still  undergo  some  changes  before  entering  the  fixed  frame  of  the  stator. 

The  influence  of  the  rotating  motion  of  the  hub  end  wall  on  the  inlet  flow  field  does 
not  exceed  20%  of  the  blade  height.  The  tip  end  wall  boundary  layer  does  not  undergo  any 
changes.  The  velocity  profile  is  turbulent  with  a  shape  factor  Hl2  ■  1.29. 

EFFECT  OF  INLET  SKEW  ON  CASCADE  FLOW  FIELO 

Preliminary  remarks 

The  generation  and  evolution  of  the  secondary  flow  field  in  a  turbine  cascade  depends 
on  two  factors  : 

(a)  The  characteristics  of  the  inlet  boundary  layer  and 

(b)  the  transverse  pressure  gradient  across  the  blade  passage. 

In  the  case  of  zero  inlet  skew,  the  transverse  pressure  gradient  depends  on  the  inlet 
boundary  layer  only  to  the  extent  to  which  the  resulting  passage  vortex  entails  a  local 
blade  force  deficit  near  the  end  wall.  This  dependence  is  of  secondary  importance  com¬ 
pared  to  the  direct  effect  exerted  by  the  flow  angle  variation  of  a  skewed  inlet  end  wall 
boundary  layer  on  the  transverse  pressure  gradient.  It  seems  to  be  appropriate  to  evaluate 
this  incidence  angle  effect  in  a  first  approximation  with  a  two  dimensional  blade  flow 
calculation  method  (Ref.  8). 

Figure  5  compares  the  blade  pressure  distribution  at  the  outer  edge  of  the  inlet  end 
wall  boundary  layer  (Y  =  16  mm,  fi,  *  0°)  with  that  at  Y  =  1  mm  wall  distance  where  the 
inlet  flow  angle  amounts  to  S[  -  45°.  The  effect  of  this  Incidence  angle  variation  on  the 
blade  pressure  distribution  is,  of  course,  greatest  on  the  front  part  of  the  blade  where 
a  strong  negative  blade  loading  is  observed.  The  incidence  angle  effect  remains  strong 
up  to  50%  of  the  axial  blade  chord  and  then  disappears  rapidly  further  downstream.  The 
blade  pressure  distributions  Indicate  that  the  incidence  angle  variation  imposes  not  only 
a  negative  transverse  pressure  gradient  in  the  entrance  of  the  blade  passage,  but  intro¬ 
duces  also  a  radial  pressure  gradient  (see  Fig.  5).  The  latter  counteracts  the  negative 
transverse  pressure  gradient  but  it  Is  not  clear  which  of  them  has  a  greater  Influence  on 
the  end  wall  cross  flow. 

EXPERIMENTAL  RESULTS  OF  FLOW  FIELD  MEASUREMENTS 

The  effect  of  inlet  skew  on  the  cascade  flow  field  is  presented  in  figures  6,7,8 
and  9.  Each  of  these  figures  show  a  combination  of  contour  plots  of  total  pressure,  static 
pressure,  flow  angle  B  (angle  in  the  blade-to-bl ade  plane)  and  radial  flow  angle  y. 

The  total  and  static  pressure  are  shown  in  the  form  of  pressure  coefficients  CP0  and 
CPS.  Secondary  velocity  charts  are  not  presented  due  to  the  difficulty  of  defining  the 
appropriate  reference  streamwise  direction  at  a  given  field  point. 

It  should  be  mentioned  that  due  to  the  high  values  of  the  flow  angle  t  downstream  of 
the  cascade,  e  •  60°  to  75°,  the  absolute  value  of  the  radial  flow  angle  y  in  the  meridional 
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Hence, 

about 


is  considerably  larger  than  the  flow  inclination  measured  in  the  streamwtse  direction 
an  error  of  one  degree  in  the  radial  angle  in  the  streamwise  direction  amounts  to 
2®  -  3°  error  after  projection  into  the  meridional  plane. 


Flow  inside  the  passage 

The  first  measurement  plane  is  positioned  at  X/Cax  =  0.35.  This  choice  was  made  on 
the  basis  of  previous  measurements  with  a  collateral  inlet  boundary  layer  which  showed 
that  the  hitherto  moderate  effect  of  the  passage  vortex  on  the  end  wall  boundary  layer 
would  start  to  become  significant  at  this  position.  In  the  case  of  inlet  skew  the  cascade 
pressure  field  acts  more  rapidly  on  the  incoming  flow  which  already  exhibits  a  strongly 
modified  flow  structure  in  this  plane  (Fig.  6).  The  effect  on  the  radial  flow  angle  y  is 
particularly  important  for  the  case  of  large  skew.  The  contour  plots  show  an  important 
downwash  in  the  pressure-side  end  wall  corner  with  angles  up  to  -8°  and  a  corresponding 
upward  motion  at  the  suction  side  of  the  blade  passage  with  y  values  up  to  14“  (in  the 

upstream  measurement  plane,  at  large  skew,  y  varied  from  10“  near  the  wall  to  zero  in  the 

free  stream) . 

To  evaluate  the  significance  of  the  contour  plots  for  the  flow  angle  B  one  has  to 
remember  that  the  direction  of  the  streamlines  in  the  end  wall  region  depends  both  on  the 
incidence  angle  variation  within  the  incoming  end  wall  boundary  layer  and  on  the  trans¬ 
verse  pressure  gradient  across  the  blade  passage  which  in  turn  depends  on  the  inlet  flow 
angle.  The  incidence  angle  effect  can  be  looked  at  as  being  irrotational  in  character, 
while  the  effect  of  the  transverse  pressure  gradient  is  rotational  in  character.  The 
contour  plots  show  a  maximum  flow  angle  at  the  wall  of  about  8!  =  58“  at  U/V,,-  ,  «  0.90 

and  2.25  compared  to  6!  »  48“  at  U/V^j  1  =  0.0.  mb,i 

As  far  as  the  total  pressure  contours  are  concerned,  we  observe  a  decrease  of  the 
concentration  at  low  momentum  material  in  the  pressure  side  end  wall  corner  and  some 
radial  migration  towards  mid  span  near  the  suction  side.  These  features  are,  of  course, 
closely  related  to  the  y-angle  and  8-angle  distribution. 

The  measured  static  pressure  distribution  shows  only  a  moderate  effect  of  the  inlet 
skew.  The  blade  pressure  distribution  in  figure  5  shows  in  fact  that  the  influence  of 
inlet  skew  has  already  largely  diminished  in  this  measurement  plane.  Furthermore,  the 
influence  decreases  naturally  with  increasing  distance  from  the  blade  surface. 

Proceeding  further  downstream  to  the  measurement  plane  at  X/Cax  *  0.86  one  observes 
an  impressive  change  in  the  distribution  of  the  losses  and  the  radial  flow  angle  (Fig.  7). 
These  changes  are  already  important  for  zero  skew  but  they  are  even  stronger  for  the  cases 
with  inlet  skew.  At  large  skew,  the  low  momentum  material  is  concentrated  along  the  suc¬ 
tion  side  with  the  particularity  that  this  region  contains  two  loss  cores  :  one  in  the  end 
wall  suction  side  corner  and  the  other  at  about  40*  at  the  blade  height. 

The  static  pressure  field  is  practically  identical  in  all  cases.  The  radial  pressure 
gradient,  which  was  negligibly  small  in  the  preceding  measurement  plane,  takes  here  consi¬ 
derable  proportions.  Depending  on  the  span  and  pitchwise  position  it  reinforces  or  counter 
acts  the  radial  migration  of  low  momentum  boundary  layer  material. 

The  contour  plots  for  the  8  flow  angle  are  very  similar  with  and  without  inlet  skew 
except  that  the  overturning  at  the  hub  is  slightly  more  important  with  skew. 


Outlet  flow  -Held 


In  the  case  of  zero  inlet  skew  the  characteristic  feature  of  the  outlet  flow  field 
is  the  radial  transport  of  low  momentum  boundary  layer  material  through  the  wake  from  tip 
to  hub  (Figs.  8,9).  This  migration  is  confirmed  by  the  radial  flow  angle  distribution 
which  takes  values  up  to  -20°  in  the  wake  at  mid-blade  height. 

With  increasing  inlet  skew  one  observes  a  second  strong  radial  motion  of  fluid  in 
the  opposite  direction  to  that  Imposed  by  the  radial  pressure  gradient  at  zero  skew.  The 
driving  force  behind  this  upwards  flow  motion  is  the  strong  lower  passage  vortex.  The 
loss  contour  plots  for  moderate  skew  in  plane  X/Cax  »  1.11  (Fig.  8)  show  that  the  loss 
core  which  was  found  right  at  the  hub  at  zero  skew  has  moved  to  about  30*  of  the  blade 
height.  The  outgrowth  of  the  wake  at  this  position  is  the  direct  continuation  of  the  up¬ 
stream  end  wall  boundary  layer  material  which  has  moved  Inside  the  cascade  onto  the  rear 
blade  suction  surface.  The  lifting  of  the  loss  core  is  underlined  by  a  region  with  strong 
positive  radial  flow  angles  In  the  wake-hub  end  wall  corner. 

A  further  Increase  of  the  inlet  skew  to  i  *  2.25  reinforces  the  tendencies 

observed  before.  The  radial  flow  angle  field  is  entirely  dominated  by  two  regions  of 
almost  equal  size  but  opposite  flow  direction.  The  positive  radial  flow  angle  field  does 
not  only  cause  a  further  shift  of  the  loss  core  to  a  higher  radius  but  it  contributes  also 
to  a  lateral  diffusion  of  the  losses  on  the  wake  suction  side.  Both  the  8-  and  y-angle 
distribution  illustrate  the  presence  of  a  strong  hub  passage  vortex.  A  noteworthy  feature 
is  also  the  local  decrease  of  the  static  pressure  at  the  hub  at  mid  distance  between  the 
wakes . 

Proceeding  further  downstream  to  the  plane  at  X/Cax  -  1.68  (Fig.  9)  we  observe 
roughly  the  same  tendencies  as  at  the  preceding  plane.  The  radial  position  of  the  loss 
core  does  not  change  with  increasing  downstream  distance  but  the  wake  has  spread  out 
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considerably  in  the  circumferential  direction.  The  intensity  of  the  radial  flow  motions 
has  significantly  diminished  but  it  is  noteworthy  that  the  radial  pressure  gradient  con¬ 
tinues  to  impose  a  non-neg 1 ig ibl e  inward  flow  in  the  wake  region  while  the  radial  outward 
flow  is  reduced  to  a  very  small  amount.  The  isobeta  curves  are  interesting  since  they 
differ  greatly  at  hub  and  tip,  even  in  the  case  of  zero  skew  :  the  flow  conserves  strong 
circumferential  flow  angle  variations  at  the  tip  but  almost  none  at  the  hub  end  wall. 

SPANWISE  DISTRIBUTION  OF  THE  P I TCH- AV ERAGED  FLOW  ANGLE  AND  LOSSES 

The  axial  evolution  of  the  pitchwise  averaged  flow  angle  6  is  presented  in  figure  10. 
The  spanwise  distribution  at  zero  skew  shows  the  characteristic  over/underturni ng  behaviour 
of  a  flow  under  the  influence  of  passage  vortices.  The  axial  evolution  is,  however,  some¬ 
what  different  at  hub  and  tip  which  can  be  explained  by  a  different  strength  of  the  vor¬ 
tices  due  to  differences  in  the  blade  loading  over  the  blade  height.  The  influence  of 
passage  vortices  is  predominant,  but  there  is  also  evidence  of  some  other  vortical  motion. 
The  best  evidence  for  this  is  given  in  plane  X/Cax  -  1.11  where  the  overturning  tendency 
near  the  wall  is  interrupted  to  give  way  to  a  significant  decrease  of  the  flow  angle. 

This  points  to  the  existence  of  a  counter-rotating  vortex,  which  possibly  is  the  suction 
side  end  wall  corner  vortex. 

Inlet  skew  modifies  entirely  the  radial  evolution  of  the  flow  angle  6.  In  the  pre¬ 
sent  experiments,  inlet  skew  affects  the  g-angle  up  to  a  distance  between  60%  and  80%  of 
the  blade  height.  Starting  with  an  upstream  skew  angle  of  26°  and  53°  respectively  (cor¬ 
responding  to  U/Vms.I  *  0.90  and  2.25)  the  amount  of  overturning  right  next  to  the  hub 
end  wall  decreases  in  the  downstream  direction  with  respect  to  that  for  zero  skew.  This 
evolution  is  accompanied  by  a  progressive  increase  of  6  in  the  region  of  maximum  under¬ 
turning  of  the  zero  skew  curve,  which  leads  finally  at  X/C*x  =  1.68  to  an  entire  opposite 
radial  evolution  of  8  between  zero  and  maximum  inlet  skew  in  the  lower  half  of  the  blade 
passage.  A  strong  suction  side  end  wall  corner  vortex  could  explain  for  the  case  of  in¬ 
let  skew  the  radical  change  of  the  slope  of  the  s-curve  at  the  hub.  Figure  10  demonstrates 
also  the  influence  of  inlet  skew  on  the  spanwise  position  and  extent  of  the  characteristic 
underturning  region  associated  with  a  passage  vortex.  Inlet  skew  causes  a  shift  of  the 
underturning  region  to  a  higher  spanwise  position,  e.g.,  at  X/C,x  =  1.11  the  maximum 
underturning  is  situated  respectively  at  Y/H  =  0.17,  0.30,  and  8.50  for  U/V„.  ,  =  0.,  0.9 
and  2.25. 

Figure  II  presents  the  spanwise  total  pressure  loss  distribution  for  the  plane 
X/Cax  *  1.68.  The  loss  coefficient  cPo  refers  the  local  (pitch-averaged)  total  pressure 
loss  in  the  measurement  plane  to  the  upstream  total  pressure  at  mid  span.  In  the  case  of 
a  collateral  inlet  end  wall  boundary  layer,  U/VMS  I  *  °«  the  total  loss  includes  the 
following  individual  loss  contributions  : 

(a)  profile  loss; 

(b)  inlet  end  wall  loss; 

(c)  boundary  layer  growth  on  the  end  wall  inside  the  blade  passage; 

(d)  end  wall  suction  side  corner  loss; 

(e)  interference  of  end  wall  crossflow  with  main  flow  along  blade  suction  surface  and; 

(f)  downstream  annulus  loss. 

The  downstream  spanwise  loss  distribution  can  be  divided  into  several  characteristic 
regions  representing  one  or  several  of  the  above  loss  components.  A  major  part  of  the 
high  losses  in  the  immediate  proximity  of  the  end  walls  are  annulus  losses  generated  down¬ 
stream  of  the  trailing  edge  plane.  Since  these  losses  are  continuously  growing  with  in¬ 
creasing  downstream  distance,  it  is  difficult  to  define  clearly  the  amount  of  secondary 
losses  of  a  cascade.  Next  to  the  near  end  wall  region  we  observe  at  zero  inlet  skew  a 

high  loss  concentration  between  Y/H  =  0.05  and  0.25  at  the  hub  and  between  Y/H  =  0.95  to 

0.80  at  the  tip.  This  loss  core  Includes  losses  (d)  and  (e),  the  major  part  of  losses  (b) 
and  part  of  loss  (c).  If  there  were  no  radial  pressure  gradient,  the  loss  between  Y/H  = 
0.25  and  0.30  would  present  only  profile  losses.  However,  there  exists  a  strong  radial 
pressure  gradient,  causing  part  of  the  tip  secondary  losses  to  migrate  towards  the  hub. 
Consequently,  there  does  not  exist  a  region  of  pure  profile  losses.  The  Interpretation 
of  the  spanwise  loss  distribution  is  further  complicated  by  the  S-shape  of  the  wake.  This 
wake  pattern  is  at  least  partially  responsible  for  the  local  loss  maximum  at  Y/H  «  0.60. 

Inlet  skew  affects  the  spanwise  loss  distribution  in  various  ways  : 

(a)  It  causes  additional  losses  due  to  the  inlet  angle  variation  within  the  inlet  end  wall 
boundary  layer  (this  loss  can  be  calculated  as  a  local  profile  loss,  but  since  its  occur¬ 
rence  depends  on  the  end  wall  boundary  layer  characteristics,  it  seems  to  be  logical  to 
consider  it  as  part  of  the  secondary  losses); 

(b)  It  strengthens  the  suction  side  end  wall  corner  loss  and; 

(c)  It  contributes  to  an  increased  interference  between  end  wall  flow  and  main  flow  on 
the  blade  suction  side.  The  radial  displacement  of  the  hub  loss  core,  composed  mainly  of 
inlet  loss.  Incidence  angle  loss,  corner  loss  and  Interference  loss,  is  particularly 
clearly  demonstrated. 

There  is  an  important  rise  of  the  overall  losses  with  skewness.  These  are  CP0  »  7.2* 
at  the  collateral  case,  10.2*  with  moderate  skewness  and  10. «*  with  large  skewness.  These 
values  Include  the  inlet  end  wall  losses  of  0.7*,  0.9*  and  0.7*  respectively.  An  Increase 
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of  the  overall  losses  has  also  been  reported  in  references  2  and  3,  contrary  to  an  over¬ 
all  loss  decrease  reported  by  Bindon  (Ref.  4). 

COMPARISON  WITH  THREE  DIMENSIONAL  INVISCID,  ROTATIONAL  FLOW  CALCULATION 

The  axial  evolution  of  the  pitch  averaged  spanwise  flow  angle  distribution  is  com¬ 
pared  for  the  case  of  large  inlet  skew  with  a  three  dimensional,  inviscid,  rotational 
flow  calculation.  The  calculations  were  performed  with  a  fully  explicit  time  marching, 
corrected  viscosity,  finite  volume  method  by  Van  Hove  (Ref.  10).  The  method  solves  the 
Euler  equations  with  respect  to  a  cylindrical  coordinate  system  fixed  to  the  blade  row. 

On  the  inflow  boundary  radial  gradients  of  the  flow  can  be  introduced  allowing  the  calcu¬ 
lation  of  rotational  flow.  On  the  outlet  boundary  a  generalized  radial  equilibrium  con¬ 
dition  is  used.  The  back  pressure  is  imposed  only  at  one  radius  and  the  radial  outlet 
pressure  distribution  is  part  of  the  solution.  The  author  demonstrated  that  his  method 
was  able  to  calculate  fairly  accurately  the  flow  angle  and  static  pressure  distribution 
in  an  annular  cascade  with  collateral  inlet  boundary  layer  (same  cascade  as  in  present 
investigation).  This  result  allows  two  interpretations  :  either  the  flow  angle  is  indeed 
little  influenced  by  viscous  effects  or  viscous  effects  were  too  small  to  show  an  impor¬ 
tant  influence  on  the  flow  angle.  The  present  case  with  inlet  skew  is  a  much  more  severe 
test  case  since  viscous  effects  are  much  stronger  than  for  zero  inlet  skew. 

The  computational  domain  (cascade  plus  upstream  and  downstream  extension)  is  discre¬ 
tized  by  66  orthogonal,  31  streamwise  and  21  bladewise  surfaces.  The  discretization  is 
the  same  as  in  reference  10.  The  calculations  were  performed  on  a  VAX  11/780  computer. 

The  computing  time  per  point  and  time  step  is  0.0024  s.  The  results  presented  in  figure  12 
were  obtained  after  4000  iterations.  Inside  the  blade  passage  the  flow  angle  distribution 
is  very  well  predicted.  However,  the  calculations  are  less  satisfactory  downstream  of  the 
cascade.  In  particular,  the  program  does  not  predict  the  effect  of  what  we  believe  is  a 
corner  vortex,  which  causes  a  reversal  of  the  flow  angle  slope  at  the  wall,  as  imposed  by 
the  passage  vortex.  The  strength  of  this  vortex  depends  on  the  degree  of  inlet  skew. 

CONCLUSIONS 

Inlet  skew  amplifies  all  characteri stic  features  associated  with  the  usual  end  wall 
vortex  system  for  a  collateral  inlet  boundary  layer.  In  particular  it  augments  the  con¬ 
centration  of  low  momentum  fluid  in  the  suction  side  end  wall  corner  and  generates  an 

important  outward  radial  flow  along  the  rear  blade  suction  surface.  Downstream  of  the 

cascade  this  counteracts  the  effect  of  the  radial  pressure  gradient  on  the  migration  of 

low  momentum  boundary  layer  through  the  wake.  The  gradual  shift  of  the  maximum  wake 

losses  from  the  hub  towards  mid  span  with  increasing  skew  underlines  this  feature. 

A  corner  vortex  of  significant  strength  counteracts  the  effect  of  the  passage  vortex 
on  the  overturning  near  the  end  wall  and  at  large  skew  the  shape  of  the  pitch  averaged 
8-flow  angle  distribution  in  this  region  is  completely  changed. 

The  prediction  of  the  spanwise  B-angle  distribution  using  a  three  dimensional,  inviscid 
rotational  flow  calculation  method  is  quite  good  inside  the  blade  passage  but  less  satis¬ 
factory  downstream  of  the  cascade  due  to  the  increasing  influence  of  viscous  effects  with 
increasing  inlet  skew. 
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FIG.  4  -  UPSTREAM  FLOW  CONDITIONS 
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CONTOUR  PLOTS  OF  TOTAL  PRESSURE,  STATIC  PRESSURE,  FLOW  ANGLE  (S 
AND  RADIAL  FLOW  ANGLE  IN  THE  MEASUREMENT  PLANE  X/CAX  •  1.68 
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DISCUSSION 


Callus 

A  comment:  Our  measurements  in  a  stage  with  an  inlet  Mach  number  around  0.2  to  0.4  with  wall  rotation  U/VMS 
up  to  approximately  ±0.9  showed  very  little  influence  of  skewed  boundary  layers  on  the  secondary  flow  in  and 
behind  the  annular  cascade.  Measurements  were  done  with  hot  wire  and  split  film  techniques. 

Author’s  Reply 

The  influence  of  a  skewed  inlet  end  wall  boundary  layer  on  the  3-D  field  in  a  turbine  cascade  has  been  measured  by 
different  investigators  with  different  cascade  configurations  and  with  relatively  low  turning  to  high  turning  blade 
geometries.  This  influence  is  also  significant  at  WV^s  j  a  0.90  as  it  can  be  seen  from  measurements  included  in 
References  [2] ,  [31  and  (4) . 
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SUMMARY 


; 

-  y  -  ■ 


In  the  design  process  forTaxial  flow  turbines  ,>  there  is  a  need  for-^relatively  simple 
prediction  techniques  for  the  angle  variations  and  losses  produced  by  secondary  flows, 
‘-tn—arderji £o  improve  the  physical  basis  of  such  techniques,  an  investigation bee-remade 
of  the  fldw  in  a  cascade  of  large  scale  rotor  blades  of  some  ll6£,'Of  turning.  The  aspect 
ratio  (span/chord)  was  1.77,  and  the  inlet  boundary  layer  on  the  end  walls  was  varied 
around  0.2  of  the  span.  The  flow  was  traversed  in  great  detail  on  ten  planes  using  cobra  - 
type  probes  with  a  computerised  data  recording  and  analysis  system. 


The  Results  are  presented  graphically  using  contour  and  vector  plots  on  various 
planes  through  the  flow  field.  The  horse£shoe  vortex  and  passage  vortex  development  are 
clearly  seen,  with  the  upstream  boundary  layer  being  shed  downstream  as  a  loss  core. 

Another  region  of  high  loss  is  related  to  a  counter  vortex  in  the  corner  between  the 
suction  surface  and  the  end  wall.  (-¥h^> results*ftSve  also  beeivpitch  averaged,  and  com¬ 
pared  with  predictions  of  angle  and  loss  distribution.  ^ 

^  rs  u  -  :  •  ‘ 

Some  traversing  has  also  beety parried  out  using'hot  wire  anemometry.  Regions  of 
high  turbulence  intensity  and  shear  stress  bava—been, identified,  associated  with  the 
regions  of  high  loss.  Some  indication  is  given  of  the  mechanisms  of  loss  production 
within  the  cascade.  ^ 

The  results  of  this  work  will  aid  modelling  of  secondary  flows,  and  provide  detailed 
data  against  which  calculation  methods  may  be  tested. 

1 .  INTRODUCTION 

In  the  design  process  for  axial  flow  turbines,  the  designer  has  to  include  estimates 
of  the  losses  and  variation  of  flow  angle  caused  by  secondary  flows.  The  secondary  flows 
arise  from  the  turning  of  a  sheared  inlet  flow,  usually  the  end  wall  boundary  layers  on 
the  hub  and  casing  of  the  machine.  In  the  past,  use  has  been  made  of  various  empirical 
correlations  for  secondary  loss  such  as  those  by  Ainley  and  Mathieson  (1)  or  Dunham  (2) 
who  reviewed  a  wide  range  of  correlations.  However,  such  correlations  tend  to  be 
inaccurate  and  give  no  information  on  the  radial  distribution  of  the  loss.  More  recently, 
methods  have  become  available  for  the  calculation  of  the  three-dimensional  flow  field  in 
a  row  of  blades,  for  example  the  streamline  curvature  method  of  Stuart  and  Hetherington  (3), 
the  time  marching  method  of  Denton  (4)  and  methods  including  a  loss  model,  Moore  and 
Moore  (5)  and  Briley  (6).  However,  these  methods  require  considerable  time  and  effort 
in  preparing  data  and  analysing  the  results j  they  may  not  satisfactorily  model  the  flowj 
and  they  require  a  lot  of  computing  time  (a  disadvantage  which  may  be  becoming  less 
important  with  advances  in  computer  technology).  These  methods  are  thus  not  suitable  for 
use  in  the  iterative  process  of  design,  and  there  is  a  need  for  relatively  simple  prediction 
techniques,  which  will  give  fairly  reliable  results.  Gregory-Smith  (7)  has  proposed  a 
technique  for  predicting  secondary  flow  angle  and  losses  based  on  a  physical  appreciation 
of  the  flow  within  a  blade  row. 

The  complex  patterns  within  a  blade  row  caused  by  secondary  flows  have  been  studied 
by  various  workers.  In  the  early  days,  Herzig  et  al  (8)  used  flow  visualisation  to  study 
the  three-dimensional  flows;  Armstrong  (9)  used  a  large  scale  cascade  to  study  secondary 
flows.  A  number  of  such  studies  are  reviewed  by  Dunham  (2) .  More  recently,  cascade 
studies  have  been  made,  measuring  the  flow  within  the  blade  row  to  gain  detailed 
quantitative  Information,  and  some  of  these  have  been  supplemented  by  flow  visualisation 
studies;  these  include  the  work  of  Langston  et  al  (10),  Marshal  and  Sieverding  (11),  and 
Carrick  (12).  These  and  other  workers  have  shown  that  a  horse-shoe  vortex  forms  around 
the  leading  edge  of  a  blade;  one  leg  of  the  vortex  curls  round  onto  and  up  the  suction* 
surface  of  the  blade.  The  pressure  side  leg  crosses  the  passage  and  usually  meets  the 
suction  surface  of  the  adjacent  blade  at  about  mid-chord.  The  sheared  flow  as  it  is 
turned  causes  a  vortex  in  the  blade  passage,  with  overturning  near  the  end  wall  and 
underturning  further  away.  The  pressure  side  leg  of  the  horse-shoe  vortex  rotates  in  the 
same  direction  as  the  passage  vortex  and  combines  with  it.  A  new  highly  skewed  boundary 
layer  forms  on  the  end  wnj 1  downstream  of  the  pressure  side  leg  of  the  horse-shoe  vortex. 

The  old  upstream  boundary  layer  is  swept  up  by  the  passage  vortex  into  a  loss  core  which 
is  shed  downstream  close  to  the  suction  surface  and  some  distance  from  the  end  wall. 


I 


The  method  of  Gregory-Smith  (7)  was  based  on  this  physical  picture  of  the  flow.  The 
exit  flow  angle  variation  caused  by  the  passage  vortex  was  modelled  using  'classical* 
secondary  flow  theory,  first  suggested  by  Hawthorne  (13) .  The  loss  was  split  into  three 
components;  the  upstream  boundary  layer  which  is  shed  as  the  loss  core,  the  new  boundary 
layer  formed  on  the  end  wall,  and  an  "extra*  secondary  loss  arising  from  the  secondary 
flow  Interacting  with  the  blade  boundary  layer. 

In  order  to  Improve  this  relatively  simple  method,  a  detailed  study  of  the  flow  in 
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a  cascade  of  large  scale  rotor  blades  has  been  made.  The  objectives  of  the  study  were 

(a)  To  provide  detailed  information  for  improving  the  prediction  technique, 

(b)  To  study  the  processes  of  loss  generation  by  investigating  the  details  of  the 
turbulence  as  well  as  gaining  mean  velocity  data, 

(c)  To  increase  the  body  of  information  on  turbine  secondary  flows  with  data  from  a  blade 
necessarily  different  from  those  of  other  workers. 

2 .  APPARATUS 

2 . 1  The  Cascade 

The  linear  cascade  consisted  of  six  blades  set  at  exit  from  a  low  speed  wind  tunnel. 
The  blades  were  cast  from  epoxy  resin  and  fibre  glass  and  set  in  a  wooden  frame.  Table  1 
gives  relevant  data  for  the  blades,  further  information  is  given  by  Graves  (18). 

TABLE  1 


Flow  inlet  angle  42.75° 

Blade  exit  angle  -67.5° 

Axial  chord  175.0  mm 

Aspect  ratio  (span/chord)  1.77 

Pitch  191.0  mm 


In  one  end  wall,  slots  were  made  for  traversing  at  various  axial  positions,  which  are 
shown  in  Figure  1.  The  slots  were  filled  in  when  not  in  use.  The  opposite  end  wall  was 
made  of  perspex  so  that  flow  visualisation  could  be  used.  The  traversing  was  done  from 
the  perspex  end  wall  to  mid-span,  so  that  the  flow  was  measured  near  the  end  wall  which 
was  not  affected  by  the  small  discontinuities  caused  by  the  slots. 

Upstream  of  the  cascade  there  was  some  2.5  metres  of  working  section  so  that  the 
wall  boundary  layer  entering  the  cascade  was  fairly  thick,  about  100  mm.  The  boundary 
layer  could  be  artificially  thickened  by  inserting  a  triangular  saw  toothed  fence  half  way 
along  the  working  section.  It  could  also  be  made  thinner  by  bleeding  off  some  of  the 
flow  about  0.7  m  upstream  of  the  blades. 

2.2  Instrumentation  :  Pressure  Probes 


The  flow  was  traversed  with  3-hole  and  5-hole  cobra  type  pressure  probes.  The  tips 
of  the  probes  were  made  from  0.9  mm  outside  diameter  hypodermic  tubing.  The  5-hole  probe 
was  used  for  most  of  the  traversing  and  gave  the  flow  direction  in  both  yaw  (the  plane 
parallel  to  the  end  wall)  and  pitch  (the  plane  perpendicular  to  the  end  wall) .  The  3-hole 
probe  was  used  for  traversing  close  to  the  end  wall.  The  probe  in  use  was  mounted  on  a 
traverse  gear  which  gave  movement  in  both  the  tangential  (along  the  cascade)  and  radial 
(perpendicular  to  the  end  wall)  directions. 

Both  probes  were  calibrated  for  yaw  angle  and  the  5-hole  probe  for  pitch  angle  as 
well.  The  traversing  technique  was  to  set  the  probe  approximately  aligned  with  the  flow 
for  a  given  tangential  position.  The  probe  was  then  traversed  radially  and  the  difference 
in  pressure  for  the  two  yaw  holes  was  used  to  deduce  the  flow  angle  from  the  calibration 
map.  For  the  5-hole  probe,  the  pitch  angle  was  also  deduced.  The  flow  upstream  of  the 
cascade  was  monitored  with  a  pitot-static  probe. 

Because  of  the  large  number  of  readings  to  be  taken,  the  measurements  were  recorded 
by  a  data  acquisition  system.  The  pressures  from  the  traverse  probe  and  from  the  upstream 
monitoring  probe  were  recorded,  along  with  the  radial  and  tangential  position  of  the 
traverse  gear.  The  system  was  controlled  by  a  "Cifer*  minicomputer  which  stored  the 
readings  on  a  "floppy"  disc.  The  readings  were  transferred  at  a  later  stage  to  a 
mainframe  computer  for  analysis. 

2 . 3  Instrumentation  :  Blade  Pressure  Tappings 

The  two  blades  either  side  of  the  central  passage  were  instrumented  with  pressure 
tappings.  The  tappings  were  made  by  a  technique  reported  by  Gregory-Smith  and  Marsh  (14) , 
whereby  passages  were  cast  under  the  blade  surface,  and  sets  of  tappings  at  various 
radial  positions  were  drilled  into  them.  When  taking  readings,  all  the  sets  other  than 
that  required  were  sealed  with  thin  tape.  The  passages  were  connected  to  an  inclined 
multitube  manometer  and  the  readings  were  recorded  by  hand. 

2.4  Instrumentation  i  Hot  Wire  Anemometrv 

The  flow  at  inlet  and  exit  of  the  cascade  was  also  traversed  using  hot  wire  anemometry 
to  gain  turbulence  information.  Double  traverses  with  two  "X"  hot  wire  probes  were  made, 
with  one  probe  having  its  sensing  plane  parallel  to  the  end  wall  (in  the  x-y  plane)  and 
the  other  with  its  sensing  plane  aligned  with  the  flow  direction  and  perpendicular  to  the 
end  wall  (in  the  x-r  plane).  The  output  signals  from  the  two  anemometer  channels  were 
linearised  and  the  mean  and  root  mean  square  of  each  signal  obtained,  together  with  the 
mean  product  of  the  two  signala.  Thus  from  each  probe  five  voltages  were  obtained,  which 
were  fed  into  the  data  acquisition  unit  previously  used  for  the  pressure  probes.  From 
the  ten  voltages  obtained  for  each  traverse  point,  eight  quantities  were  deduced  giving 
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some  redundancy  which  could  be  used  to  test  the  self-consistency  of  the  results.  The 
eight  quantities  were  the  three  mean  velocity  components,  the  three  Reynolds  normal 
turbulent  stresses  and  the  Reynolds  shear  stresses  in  the  x-y  and  x-z  planes.  The  missing 
Reynolds  shear  stress  is  not  so  important  when  considering  the  mechanisms  of  loss 
generation,  and  so  the  extra  complexity  (e.g.  using  a  triple-wire  probe)  was  not  felt  to 
be  justified. 


2.5  Data  Analysis  and  Presentation 

In  view  of  the  complexity  of  the  flow  and  the  large  amount  of  data  to  be  collected, 
the  method  of  presentation  was  important  so  that  significant  qualitative  and  quantitative 
features  of  the  flow  could  be  discerned.  The  minicomputer  at  the  cascade  ensured  that 
the  tunnel  was  run  at  a  constant  Reynolds  number,  and  corrections  were  made  to  allow  for 
variations  in  atmospheric  temperature  and  pressure.  For  the  pressure  probes,  the  main¬ 
frame  computer  produced  values  of  velocity  magnitude  and  direction  and  values  of  total 
and  static  pressure.  Similarly,  from  the  hot  wire  probes,  the  mean  velocity  direction 
and  magnitude  and  the  Reynolds  shear  stresses  were  obtained;  the  turbulent  kinetic 
energy  was  also  calculated. 


The  traversing  positions  were  arranged  so  that  at  each  axial  plane  within  the  blade 
row,  twelve  tangential  positions  were  taken,  equally  spaced  across  the  blade  passage. 
Upstream  and  downstream  of  the  row,  the  tangential  positions  were  extended  to  cover  more 
than  one  blade  pitch,  with  twelve  spaced  equally  between  lines  drawn  from  the  leading  or 
trailing  edges.  Thus  data  could  be  presented  on  either  axial  planes,  or  planes  parallel 
to  the  end  wall  or  planes  of  constant  fraction  of  passage  width  (quasi-streamline  planes) . 
The  various  quantities  (velocity  magnitude,  yaw  angle,  total  pressure,  etc.)  were 
presented  as  contour  plots.  The  plotting  routine  used  linear  interpolation,  and 
occasionally  this  has  to  be  borne  in  mind  when  looking  at  the  results.  Also,  velocity 
vector  plots  were  presented  on  the  various  planes. 

Some  quantities  (e.g.  total  pressure,  flow  angle,  etc.)  were  mass  meaned  across  the 
blade  passage,  giving  a  radial  variation  of  the  meaned  quantity.  Total  pressure  was  also 
mass  meaned  over  each  axial  plane. 

3 .  EXPERIMENTS 


Three  sets  of  experiments  were  carried  out. 

(a)  5-hole  and  3-hole  pressure  probe  traverses  of  all  10  slots  for  the  natural  inlet 
boundary  layer.  The  blade  pressure  tapping  readings  were  also  recorded. 

(b)  Pressure  probe  traverses  at  the  inlet  and  exit  only  with  the  inlet  boundary  layer 
thickened.  The  traverses  were  repeated  with  the  boundary  layer  made  thinner. 

(c)  Hot  wire  anemometry  traverses  of  the  inlet  and  exit  planes  with  the  natural  inlet 
boundary  layer. 

In  this  presentation  of  the  results,  some  selection  has  had  to  be  made  in  order  to 
keep  the  number  of  diagrams  to  manageable  proportions.  For  full  details,  see  Graves  (18). 


4.  RESULTS  :  PRESSURE  PROBES,  NATURAL  BOUNDARY  LAYER 


4 . 1  Inlet  Flow 


The  inlet  boundary  layer  velocity  profile  is  shown  in  Figure  2,  which  also  shows  the 
thick  and  thin  profiles.  The  natural  profile  agrees  fairly  well  with  a  0.12  power  law 
profile  of  thickness,  &  »  115  mm.  The  displacement  thickness,  S*  was  12.1  mm.  Figure  3 
shows  the  yaw  angle  at  slot  1,  just  upstream  of  the  blades.  At  mid-span,  the  variation 
due  to  the  upstream  potential  effect  of  the  blades  is  clearly  seen.  The  static  pressure 
and  velocity  magnitude  plots  indicate  that  the  stagnation  streamlines  are  at  tangential 
positions  115  mm  and  -75  mm.  The  rapid  angle  change  around  these  positions  indicates 
the  divergence  of  the  flow.  The  effect  of  the  horse-shoe  vortex  around  the  leading  edge 
can  be  seen  with  the  high  yaw  values  near  the  wall  on  the  suction  side  of  the  leading 
edge  (decreasing  tangential  position  value  corresponds  to  moving  across  the  blade  passage 
from  pressure  surface  to  suction  surface,  see  Figure  1) .  The  low  yaw  angles  associated 
with  the  pressure  side  leg  of  the  horse-shoe  vortex  are  not  so  dear  because  it  is  further 
from  the  traverse  plane.  Near  the  end  wall  the  vortex  also  causes  a  negative  pitch  angle 
(flow  towards  the  end  wall)  and  a  dip  in  total  pressure  contours,  which  are  otherwise 
nearly  parallel  to  the  end  wall  at  slot  1. 

4.2  Flow  Development  Through  the  Cascade 

Figures  4  to  10  show  some  of  the  total  pressure  loss  contours  and  the  secondary 
velocity  vectors  for  the  slots  2  to  7  through  the  cascade.  The  secondary  velocity  is 
here  calculated  as  the  vector  sum  of  the  radial  component  of  velocity  and  the  difference 
in  tangential  velocity  from  that  given  by  the  mid-span  angle  and  local  -axial  velocity.  The 
3-hole  probe  gives  greater  detail  of  the  flow  near  the  end  wall,  and  its  total  pressure 
contours  are  shown  beneath  those  for  the  5-hole  probr..  It  can  be  seen  that  the  matching 
is  fairly  good,  which  is  true  for  the  other  data  not  shown  here. 

At  slot  2,  Figure  4,  the  total  pressure  loss  contours  clearly  show  the  two  loss 
cores  due  to  the  legs  of  the  horse-shoe  vortex,  the  suction  side  leg  on  the  left  and  the 
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pressure  side  leg  from  the  adjacent  blade  on  the  right.  Further  away  from  the  end  wall, 
the  total  pressure  contours  are  relatively  undisturbed  and  parallel  to  the  end  wall,  as 
they  are  at  slot  1.  The  vector  plot,  Figure  5,  shows  the  development  of  the  passage 
vortex  centred  near  the  pressure  surface  with  strong  downward  flows  on  the  pressure 
surface  and  cross  flows  towards  the  suction  surface.  Even  at  this  early  stage  the  inlet 
boundary  layer  is  starting  to  migrate  towards  the  suction  surface. 

At  slot  3,  the  effect  of  this  migration  is  seen  on  the  total  pressure  loss  contours, 
Figure  6.  The  pressure  side  leg  of  the  horse-shoe  vortex  has  moved  to  about  mid-pitch, 
with  new  fluid  being  brought  down  near  the  pressure  surface.  The  suction  side  leg  of  the 
horse-shoe  vortex  does  not  show  up,  although  there  is  a  hint  of  it  from  the  vector  plots, 
Figure  7,  in  the  suction  surface  corner  with  the  end  wall.  The  passage  vortex  is  fairly 
centrally  placed  in  the  passage,  although  it  does  not  coincide  with  the  peak  of  the 
developing  loss  core  shown  by  the  contour  plots. 

At  slots  4  and  5,  (not  shown),  the  loss  core  is  further  established  due  to  the  inlet 
boundary  layer  being  swept  towards  the  suction  surface.  Both  the  loss  core  and  the  passage 
vortex  centre  move  across  the  passage,  with  the  loss  core  a  bit  closer  to  the  wall  than  is 
the  vortex  centre. 

At  slot  6,  Figure  8,  the  loss  core  is  seen  to  be  detaching  from  the  end  wall,  as  the 
passage  vortex  starts  to  sweep  it  up  the  suction  surface  of  the  passage,  with  higher  energy 
fluid  being  swept  underneath  it.  A  second  loss  peak  is  seen  very  close  to  the  suction 
surface.  The  velocity  vector  plots.  Figure  9,  show  flow  leaving  the  surface  at  about  the 
same  distance  from  the  end  wall,  about  30  mm.  This  may  indicate  the  separation  line 
caused  by  the  suction  side  leg  of  the  horse-shoe  vortex,  which  has  moved  up  the  suction 
surface.  This  separation  line  has  been  observed  by  Langston  et  al  (10),  Marshal  and 
Sieverding  (11)  and  others.  Thus  at  this  point  the  losses  produced  by  shear  action  upstream 
on  the  suction  surface  are  being  fed  into  the  main  passage  flow.  From  the  loss  contours 
on  the  previous  planes,  it  appears  the  same  effect  is  present  about  20  mm  from  the  end 
wall  at  slot  5,  about  10  mm  at  slot  4  and  5  mm  at  slot  3.  Another  significant  point  to 
note  from  the  vector  plots  is  the  evidence  of  a  separation  line  and  a  counter  vortex 
which  appear  right  in  the  corner  of  the  suction  surface  and  end  wall.  The  3-hole  probe 
loss  contours  show  a  high  loss  region  there.  Again  it  appears  there  is  a  feeding  into 
the  main  flow  of  loss  produced  upstream  by  the  new  boundary  layer  on  the  end  wall. 

These  two  new  loss  regions  are  more  clearly  seen  at  slot  7,  Figure  10,  while  the 
loss  core  from  the  inlet  boundary  layer  has  moved  further  from  the  end  wall.  The  vector 
plots  show  the  separation  line  on  the  suction  surface,  now  about  45  mm  from  the  end 
wall,  corresponding  to  the  loss  peak  there  as  further  loss  is  fed  into  the  main  passage 
flow.  The  counter  vortex  is  also  seen  in  the  corner.  The  above  description  of  the  flow 
processes  is  also  confirmed  by  the  other  data  not  presented  here.  Figure  11  shows  the 
static  pressure  contours  at  slot  7,  and  it  can  be  seen  that  there  is  a  low  static  pressure 
region  and  this  corresponds  closely  to  the  centre  of  the  vortex.  The  static  pressures 
recorded  by  the  blade  tappings  are  also  shown,  which  tie  up  fairly  well  with  the  contours 
obtained  from  the  cobra  probes. 

4 . 3  Flow  Development  Downstream  of  the  Cascade 

Figure  12  clearly  shows  the  blade  wakes  at  slot  8,  which  is  6  mm  axially  downstream 
of  the  trailing  edge  plane.  However,  it  should  be  noted  that  the  spacing  of  the  tangential 
traverse  positions  was  15  mm,  so  that  only  one  or  two  traverses  are  in  the  wake  at  mid¬ 
span.  This  explains  why  the  left  hand  wake  (one  traverse)  looks  thinner  than  the  right 
hand  wake  (two  traverses) ,  the  contour  plotting  routine  giving  a  linear  variation  between 
traverses,  as  seen  by  the  even  contour  spacing.  The  loss  core  is  clearly  seen  at  about 
55  mm  from  the  end  wall,  and  the  second  loss  peak  from  the  separation  line  on  the  suction 
surface  at  about  75  mm  from  the  end  wall.  This  loss  peak  has  received  suction  surface 
boundary  layer  fluid  which  otherwise  would  have  appeared  in  the  wake  beneath  the  loss 
core  position.  The  loss  region  from  the  suction  surface  corner  with  the  end  wall  is  also 
seen,  particularly  on  the  3-hole  probe  contours.  The  vector  plots,  Figure  13,  show  the 
passage  vortex,  with  the  shear  of  the  vertical  component  of  velocity  across  the  wakes, 
which  corresponds  to  the  sheet  of  trailing  shed  and  trailing  filament  vorticity  of 
classical  secondary  flow  theory.  The  remnant  of  the  counter  vortex  in  the  corner  is  seen 
as  an  underturning  cross  flow  with  the  separation  line  still  evident  at  about  -180  mm  and 
+10  mm  tangential  position  (zero  is  the  tangential  position  of  the  trailing  edge) . 

At  slot  9,  the  loss  core  has  continued  to  move  away  from  the  end  wall.  Figure  14,  due 
to  the  flow  field  of  the  passage  vortex.  The  two  peaks  are  also  clearly  still  visible. 

The  coarse  traverse  does  not  show  diffusion  of  the  wake  from  slot  8  and  slot  9.  The 
continued  feeding  of  loss  from  the  new  end  wall  boundary  layer  into  the  main  flow  is 
evident. 

The  last  traverse  plane,  slot  10  is  49  mm  axially  downstream  of  the  trailing  edge, 
corresponding  to  128  mm  downstream  in  the  direction  of  the  mid-span  flow  angle.  The 
blade  wake  diffusion  is  now  evident  on  the  loss  contour  plots.  Figure  15,  with  the  loss 
core  centre  some  80  mm  from  the  end  wall.  The  wake  below  the  loss  core  is  hardly 
discernible,  since  moat  of  its  low  energy  has  been  fed  into  the  second  loss  peak  by  the 
separation  line  on  the  suction  surface  of  the  blade.  The  feeding  of  loss  from  the  end 
wall  is  now  seen  as  a  large  loss  region,  which  is  moving  to  the  left  of  the  line  of  the 
wake  under  the  influence  of  the  strong  secondary  flows.  These  are  seen  in  the  vector 
plots,  Figure  16,  where  the  flow  is  beginning  to  look  fairly  uniform  in  the  tangential 
direction  with  most  of  the  vertical  components  of  velocity  dissipated.  However,  the 
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separation  line  on  the  end  wall  still  seems  to  persist  (about  -110  mm  and  -320  mm)  with 
very  low  or  negative  overturning  present. 

Thus  it  seems  likely  that  the  feeding  of  the  end  wall  boundary  layer  into  the  main 
flow  will  continue  some  distance  downstream.  The  centre  of  the  vortex  (co-ordinates 
-260,  75)  does  not  coincide  with  the  loss  core  peak  originating  from  the  upstream  boundary 
layer  (co-ordinates  -270,  80)  and  so  the  loss  core  will  continue  to  be  convected  differently 
relative  to  the  vortex  centre  although  the  difference  will  be  small. 

Figure  17  shows  the  progression  of  the  centre  of  the  passage  vortex  as  defined  by  the 
intersection  of  tne  zero  pitch  and  zero  cross  flow  lines,  and  the  movement  of  the  loss  core 
peak  around  the  vortex  centre.  The  distances  tangentially  are  measured  from  the  suction 
surface  or  wake  centre  line,  so  that  for  slots  8,  9,  10  there  is  some  uncertainty  about 
the  tangential  position.  The  progression  of  the  loss  core  around  the  vortex  centre  is 
very  clearly  illustrated,  with  an  initial  movement  rapidly  from  pressure  to  suction 
surface  and  then  convection  out  away  from  the  end  wall.  The  vortex  is  also  convected  by 
its  own  flowfield;  this  may  be  appreciated  by  considering  the  effect  of  the  virtual  vortex 
"reflected"  in  the  end  wall  or  suction  surface. 

4.4  Data  on  Planes  Parallel  to  the  End  Wall 


Presented  here  are  only  two  of  the  vector  plots  of  the  velocity  in  a  plane  parallel 
to  the  end  wall.  Figure  18  shows  the  flow  1  mm  from  the  end  wall.  Across  the  end  wall, 
the  separation  line  as  indicated  by  a  sudden  change  in  velocity  direction  (and  hence  a 
radial  velocity)  is  sketched  in.  This  separation  line  is  caused  by  the  pressure  side  leg 
of  the  horse-shoe  vortex.  The  counter  vortex  in  the  suction  surface  corner  is  clearly 
seen  with  underturning  there  as  compared  with  the  overturning  elsewhere.  The  suction 
side  leg  of  the  horse-shoe  vortex  is  not  clearly  seen  except  in  its  effects  at  slot  1. 
Behind  the  pressure  side  leg  the  very  strong  secondary  flows  are  seen,  with  the  flow 
angle  even  exceeding  90°  to  the  axial  near  the  separation  line  at  slot  3. 

At  60  mm,  Figure  19,  the  flow  at  the  early  slots  looks  much  like  the  expected 
potential  flow,  and  the  flow  in  the  later  slots  can  be  seen  to  be  underturning .  However, 
the  large  component  of  velocity  along  the  passage  tends  to  obscure  the  relatively  small 
underturning  velocities. 

4.5  Data  on  "Pseudo-Streamline"  Planes 


Figures  20  to  22  show  velocity  vector  plots  on  the  planes  which  are  a  constant 
fraction  across  the  blade  passage,  pseudo-streamlines  for  two-dimensional  flow.  Figure  20 
shows  the  flow  near  the  pressure  surface,  with  the  strong  downwards  motion  of  the  flow 
particularly  early  in  the  passage  when  the  passage  vortex  is  close  to  the  pressure  surface. 
The  pressure  side  leg  of  the  horse-shoe  vortex  appears  to  be  between  slots  1  and  2.  The 
sudden  upflow  downstream  of  the  trailing  edge  is  caused  by  mixing  with  the  strong  upflow 
from  the  suction  surface  of  the  adjacent  blade  passage. 

Figure  21  shows  the  plane  near  mid-pitch.  The  most  noticeable  feature  is  the 
horse-shoe  vortex  between  slots  2  and  3,  the  upflow  at  3lot  2  indicating  the  separation 
line.  At  the  later  positions  the  flow  is  slightly  downwards  near  the  wall,  with  a 
reduction  in  axial  velocity. 

Near  the  suction  surface,  Figure  22,  the  strong  upward  flow  is  seen,  especially 
later  on  in  the  passage  where  the  passage  vortex  has  moved  across  to  near  the  suction 
surface.  The  separation  line  from  the  suction  side  leg  of  the  horse-shoe  vortex  is 
sketched  in,  and  seems  to  be  similar  to  the  flow  visualisation  results  of  other  workers. 

4.6  Averaged  Data  Across  Blade  Pitch 

The  total  pressure  loss  mass  averaged  across  the  blade  pitch  is  shown  for  slots  7 
to  10  in  Figure  23.  At  slot  7,  there  is  the  clear  peak  due  mainly  to  the  loss  core  from 
the  inlet  boundary  layer,  and  a  rise  close  to  the  end  wall.  The  outward  convection  of 
the  loss  core  by  the  passage  vortex  moves  the  peak  away  from  the  end  wall,  and  it  also 
gets  broader  and  less  high.  At  the  same  time  the  loss  near  the  end  wall  is  seen  to  grow 
and  forms  a  second  peak  as  the  new  boundary  layer  loss  is  fed  into  the  main  flow.  For 
slots  8  to  10,  the  wake  loss  is  seen  at  mid-span. 

The  tangential  velocity  was  similarly  mass  averaged  to  give  the  mean  flow  angle. 

This  is  plotted  in  Figure  24  as  the  difference  from  the  mid-span  value,  representing 
the  over-  or  under-turning  of  the  mean  flow.  The  position  of  maximum  underturning  moves 
away  from  the  end  wall,  and  also  the  under  turning  Increases.  The  overturning  near  the 
end  wall  is  most  marked  for  slot  7,  but  the  reduced  flow  angle  from  the  corner  counter 
vortex  reduces  the  average  overturning,  leaving  a  peak  at  slot  10  some  distance  from 
the  end  wall. 

5.  INLET  BOUNDARY  LAYER  VARIATION 


The  profiles  of  the  thickened  and  thinned  boundary  layer  profiles  are  shown  in 
Figure  4  along  with  the  natural  profile.  Table  2  compares  the  three  boundary  layers. 
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Boundary 

Displacement 

TABLE  2 

Total  Pressure  Loss 

Nominal 

Laver 

Thickness,  5* 

Coefficient,  Y 

Thickness, 

Thick 

27.9  mm 

0.175 

180  mm 

Natural 

12.1  mm 

0.085 

115  mm 

Thin 

9.7  mm 

0.053 

100  mm 

It  can  be  seen  that  the  effect  of  thickening  has  been  much  greater  than  the  effect 
of  thinning.  Neither  the  thick  nor  thin  profiles  agree  very  well  with  a  power  law  profile, 
both  exhibiting  points  of  inflexion.  However,  it  was  felt  that  the  main  effects  on  the 
flow  in  the  cascade  would  not  be  greatly  affected  by  having  an  unusual  profile  for  the 
inlet  boundary  layer. 

5.1  Flow  Downstream  of  the  Cascade 


Figure  25  shows  the  total  pressure  loss  contours  at  slot  8  for  the  thick  inlet 
boundary  layer.  This  may  be  compared  with  the  corresponding  diagrams  for  the  thin 
boundary  layer.  Figure  26,  and  for  the  natural  boundary  layer.  Figure  12.  The  main 
difference  seen  from  the  loss  contours  is  the  increasing  size  of  the  loss  core  as  the 
boundary  layer  thickness  increases.  Otherwise  the  contours  look  very  similar, 

and  in  particular  the  loss  region  associated  with  the  corner  counter  vortex  looks  almost 
identical  for  the  three  cases.  The  three  vector  plots  again  look  similar  with  the  centre 
of  the  passage  vortex  nearly  at  the  same  place,  with  the  radial  extent  of  the  vortex 
being  greater  for  the  thicker  boundary  layer,  and  less  for  the  thinner  one.  The  corner 
counter  vortex  and  its  separation  line  appear  for  all  three  cases. 

The  diagrams  at  slot  10  (not  shown  here)  show  the  same  comparisons  with  those  at 
slot  8.  The  loss  core  for  the  thicker  boundary  layer  is  larger,  and  the  los3  region  near 
the  wall  as  the  end  wall  loss  is  fed  into  the  mainstream  look  very  similar.  The  extent 
of  the  secondary  flows  is  greater  for  the  thicker  boundary  layer. 

Thus  it  would  appear  that  for  the  range  of  boundary  layer  thickness  investigated 
here,  the  overall  flow  pattern  is  not  much  affected  by  the  inlet  boundary  layer  thickness 
apart  from  the  si2e  of  the  loss  core  and  extent  of  the  vortex.  In  particular,  the  loss 
from  the  new  end  wall  boundary  layer  and  its  introduction  into  the  main  flow  is  not 
affected  by  the  inlet  boundary  layer  thickness. 

5.2  Averaged  Data 

Figure  27  shows  the  total  pressure  loss  coefficient  mass  averaged  across  each  of  the 
slot  planes.  The  continuous  line  for  the  natural  boundary  layer  shows  a  fairly  steady 
growth  through  the  cascade,  with  a  sudden  jump  at  the  trailing  edge  as  the  wake  loss  is 
included.  The  drop  from  slot  8  to  slot  9  may  be  due  to  the  inaccuracy  in  measuring  the 
wake.  The  thick  and  thin  boundary  .ayers  are  shown  at  inlet  and  exit.  It  can  be  seen 
that  the  net  increase  in  loss  across  the  blade  row  is  very  similar  for  the  three  boundary 
layers . 

6 .  TURBULENCE  DATA 

The  flow  at  slot  1  was  measured  using  the  hot-wire  anemometry.  At  mid-span,  there 
is  quite  a  high  level  of  turbulence,  a  root  mean  square  value  of  about  3».  The  turbulence 
rises  towards  the  wall  steadily  apart  from  a  dip  at  30  mm.  The  turbulence  from  100  mm 
inwards  is  fairly  isotropic,  but  near  mid-span  there  appears  a  strong  degree  of  anisotropy, 
with  the  component  parallel  to  the  end  wall  and  perpendicular  to  the  flow  about  twice  the 
other  two.  These  rather  unusual  features  may  be  mainly  due  to  a  honeycomb  flow  straightener 
placed  upstream  of  the  working  section.  However,  the  low  levels  of  turbulence  usually 
found  in  a  wind  tunnel  are  not  typical  of  those  found  in  turbines,  and  so  the  high  values 
here  were  felt  to  be  acceptable. 

The  hot-wire  anemometry  gave  mean  velocity  data  which  compared  fairly  well  with  that 
given  by  the  cobra  probes.  However,  a  lot  of  care  had  to  be  taken  to  get  reasonable 
results,  especially  by  checking  the  calibration  of  the  wires  frequently  because  of  dirt 
contamination. 

The  contours  of  turbulent  kinetic  energy  at  slot  8  are  shown  in  Figure  28.  The 
repeatability  of  the  two  wakes  at  mid-span  is  poor  because  of  the  relatively  coarse 
traversing  positions  compared  with  the  wake  thickness  (see  section  4.3).  However,  nearer 
the  wall,  the  repeatability  is  better.  There  is  a  region  of  high  turbulent  energy  similar 
in  appearance  to  the  total  pressure  loss  core.  However,  its  peak  value  is  on  the  side  of 
the  loss  core  and  is  nearly  coincident  with  the  passage  vortex  centre.  There  is  also  a 
hint  of  increased  turbulence  associated  with  the  counter  vortex  from  the  passage  corner. 

The  values  of  the  turbulent  kinetic  energy  are  very  high  when  compared  with  the  inlet 
flow.  The  contour  values  are  normalised  with  reference  to  upstream  flow,  but  when 
referenced  to  the  local  mean  velocity,  the  peak  turbulence  intensity  is  about  30%.  Thus 
some  of  the  total  pressure  loss  through  the  cascade  appears  as  an  increase  in  turbulent 
kinetic  energy  before  being  dissipated  by  viscous  action. 

The  contours  of  shear  stress  (not  shown  here)  give  an  indication  of  reversal  of  sign 
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across  the  loss  core.  However,  the  high  values  of  turbulence  present  cast  some  doubt  on 
the  quantitative  accuracy  of  the  results. 

7.  LOSS  AND  ANGLE  PREDICTIONS 

The  method  proposed  by  Gregory-Smith  (7)  was  used  to  predict  the  loss  distribution 
at  the  cascade  exit,  and  also  the  angle  variation,  for  the  natural  boundary  layer  at  inlet 

Figure  29  shows  the  angle  variation  at  slot  10  compared  with  the  predicted  angle 
using  the  secondary  flow  theory.  The  underturning  peak  is  not  predicted  well,  and  the 
prediction  gives  very  high  overturning  at  the  wall  and  does  not  follow  the  reduction  in 
overturning  which  is  observed.  This  reduction  cannot  be  predicted  by  the  present  theory, 
since  there  is  no  allowance  for  the  corner  counter  vortex  which  produces  the  reduction. 
Usually  an  underturning  peak  is  predicted  by  the  theory  (perhaps  not  in  the  correct  place) 
see  for  example,  Gregory-Smith  (7).  However,  here  the  inlet  boundary  layer  is  relatively 
thick  compared  with  the  blade  pitch,  and  the  theory  gives  a  much  more  spread  out  vortex 
field.  Hawthorne  (13)  illustrated  this  effect  by  comparing  different  boundary  layer 
thickness  to  pitch  ratios  for  a  l/7th  power  law  profile.  The  theory  assumes  no  distortion 
of  Bernoulli  surfaces  (surfaces  of  constant  total  pressure)  and  this  is  clearly  a  very 
poor  assumption  for  this  cascade. 

The  loss  prediction  is  shown  in  Figure  30.  The  outer  part  with  the  loss  core  is 
fairly  well  predicted,  but  there  is  an  overprediction  near  the  wall,  although  the  overall 
shape  is  about  right.  The  loss  core  is  underpredicted  a  little  because  the  theory  assumes 
it  to  be  made  up  only  of  the  inlet  boundary  layer,  whereas  there  is  the  additional  loss 
fed  into  it  by  the  separation  line  on  the  suction  surface.  The  main  reason  for  the  over- 
prediction  from  the  wall  is  the  large  over-estimate  of  the  "extra"  secondary  loss,  which 
is  related  to  the  kinetic  energy  of  the  secondary  flows  as  predicted  by  the  theory.  As 
mentioned  above,  there  is  no  allowance  for  the  distortion  of  Bernoulli  surfaces,  and  so 
the  secondary  vorticity  at  exit  is  too  high,  giving  a  high  value  of  secondary  kinetic 
energy. 

8.  DISCUSSION 

The  results  presented  here  are  for  a  cascade  of  high  turning,  of  fairly  low  aspect 
ratio  and  with  relatively  thick  inlet  boundary  layer,  which  has  been  varied.  The  broad 
features  of  the  flow  are  similar  to  those  found  by  other  workers.  The  horse-shoe  vortex 
has  been  observed  with  its  associated  separation  lines,  one  on  the  suction  surface  and 
the  other  crossing  the  passage  to  the  corner  of  the  adjacent  blade.  The  establishment 
of  the  passage  vortex  and  the  sweeping  up  of  the  upstream  boundary  layer  into  a  loss  core 
are  clearly  seen.  The  way  in  which  the  vortex  convects  the  loss  core  and  also  convects 
itself  has  been  demonstrated,  and  it  is  clear  that  the  loss  core  and  vortex  centre  do  not 
coincide,  a  distinction  which  is  often  not  made. 

In  the  cascade  one  element  of  loss  is  generated  by  the  new  boundary  layer  or  the  end 
wall,  which  is  highly  skewed.  Because  the  boundary  layer  is  very  thin,  this  process  is 
difficult  to  observe.  The  loss  appears  downstream  as  it  is  fed  into  the  main  flow 
through  the  separation  line  from  the  pressure  side  leg  of  the  horse-shoe  vortex  and  the 
counter  vortex  formed  in  the  corner  of  the  end  wall  and  suction  surface.  This  process 
seems  to  continue  some  distance  downstream  of  the  cascade.  The  counter  vortex  also  gives 
rise  to  a  region  of  low  overturning  which  depresses  the  exit  mean  flow  angle  near  the  wall 

A  similar  mechanism  is  seen  to  produce  loss  on  the  suction  surface  of  the  blade.  The 
boundary  layer  flow  on  the  suction  surface  near  the  end  wall  is  convected  upwards,  until 
the  separation  line  causes  it  to  be  fed  into  the  mainstream  giving  a  second  loss  peak  near 
the  main  loss  core. 

Thus  it  would  appear  that  the  three  loss  components  at  blade  exit  as  suggested  by 
Gregory-Smith  (7)  are  identified  in  this  cascade.  However,  his  simple  modelling  needs 
some  revision,  as  illustrated  by  the  results  of  the  comparison  of  predictions  and 
observations  (Figures  29  and  30) .  There  is  obviously  a  need  for  an  allowance  for 
Bernoulli  surface  distortion.  Gregory-Smith  (7)  has  suggested  this  may  be  done  by  using 
streamline  tracing  as  done  by  Glynn  (15). 

The  variation  of  inlet  boundary  layer  has  shown  little  change  of  net  increase  in  loss 
across  the  cascade.  This  has  also  been  observed  by  other  workers,  and  the  loss  prediction 
technique  gives  a  similar  trend,  since  the  predicted  end  wall  loss  and  "extra"  secondary 
loss  will  not  vary  much  with  inlet  boundary  layer. 

The  detailed  traverse  at  slot  8  with  the  hot  wire  anemometer  gives  a  picture  of  the 
turbulence  present,  apart  from  some  uncertainty  in  the  blade  wakes  where  closer  traverse 
positions  would  have  been  desirable.  Very  high  levels  of  turbulence  are  associated  with 
the  loss  core,  although  not  coincident  in  position. 

Some  workers  have  investigated  the  turbulent  flow  in  turbine  cascades.  For  instance, 
Bailey  (16)  measured  the  turbulent  flow  in  a  turbine  nozzle  row  and  concluded  that  large 
regions  of  the  passage  vortex  had  low  turbulence  compared  with  the  inlet  boundary  layer. 
The  results  here  seem  at  variance  with  that  conclusion,  though  it  is  possible  the  lower 
acceleration  and  higher  turning  of  this  rotor  blade  compared  with  Bailey's  nozzles  are  a 
cause  of  the  difference.  Bailey  measured  the  flow  within  the  row,  but  at  only  three 
positions  across  the  passage.  The  turbulence  here  was  fairly  isotropic,  which  does  not 
agree  with  the  observations  of  Taylor  et  al  (17)  who  measured  the  secondary  flows  and 
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turbulence  in  a  curved  duct  and  found  a  degree  of  anisotropy  at  exit.  However,  the  absence 
of  a  leading  edge  horse-shoe  vortex  in  duct  flows  makes  for  cautious  comparison  with 
cascade  flows.  Further  traversing  within  and  downstream  of  the  cascade  will  help  to 
improve  the  picture  of  the  flow  with  respect  to  turbulence  quantities. 

The  mean  flow  data  and  the  turbulence  quantities  at  exit  should  provide  an  interesting 
test  case  for  some  of  the  fully  three-dimensional  calculation  methods  available.  However, 
it  is  clear  that  the  complex  nature  of  the  flow,  and  especially  the  effect  of  the  horse¬ 
shoe  vortex  and  its  associated  separation  lines  will  be  difficult  to  predict  in  detail. 

9.  CONCLUSIONS 

(i)  The  secondary  flows  in  a  cascade  of  high  turning  rotor  blades  has  been  measured 
in  great  detail  for  mean  flow  quantities,  with  measurements  at  inlet  and  exit  of  the 
turbulence  quantities. 

(ii)  The  main  features  of  the  flow  are  the  passage  vortex  and  the  loss  core  formed  from 
the  inlet  boundary  layer.  The  vortex  convects  itself  and  the  loss  core  across  the 
passage  from  pressure  to  suction  surface,  and  then  up  the  suction  surface  away  from  the 
end  wall. 

(iii)  The  horse-shoe  vortex  gives  rise  to  two  separation  lines,  one  rising  up  the  suction 
surface,  and  one  which  crosses  the  passage  on  the  end  wall  and  becomes  associated  with  a 
counter  vortex  in  the  suction  surface  and  end  wall  corner. 

(iv)  The  surface  separation  lines  are  the  means  whereby  loss  formed  by  shear  action 
close  to  the  suction  surface  and  end  wall  are  fed  into  the  main  flow. 

(v)  The  effect  of  varying  inlet  boundary  layer  thickness  is  small  on  the  net  increase 
in  loss  across  the  blade  row. 

(vi)  Very  high  turbulence  levels  are  associated  with  the  regions  of  high  loss, 
particularly  with  the  loss  core. 

(vii)  The  data  provide  a  test  case  for  a  single  loss  and  angle  prediction  method,  and 
indicate  areas  for  development  of  the  method.  It  will  also  provide  data  for  other 
calculation  methods,  which  will  need  to  be  fairly  sophisticated  if  the  complex  details 
of  the  flow  are  to  be  predicted. 

Further  turbulence  data  from  within  the  blade  row  are  an  objective  for  future  work. 

Flow  visualisation  will  also  be  performed  to  supplement  the  quantitative  data.  In  a 

real  turbine,  a  number  of  other  factors  may  modify  the  flow,  such  as  tip  clearance  and 

wall  geometry,  radial  pressure  gradients  and  blade  row  interference  effects.  Some  of 

these  may  be  investigated  in  cascade,  but  others  can  only  be  measured  in  real  turbines. 
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Figure  2:  Boundary  Layer  Velocity  Profile 
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Figure  20:  Flow  Near  Pressure  Surface 
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Figure  21 1  Flow  at  Mid-Pitch 
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DISCUSSION 


K.Papailiou,  Gr 

When  calculating  the  exit  flow  angle  you  used  Hawthorne's  theory  to  get  the  transverse  velocity  profile.  What  kind 
of  longitudinal  profile  did  you  use? 

Author's  Reply 

We  used  the  mainstream  longitudinal  velocity,  so  we  didn’t  reduce  the  longitudinal  velocity  to  allow  for  the 
boundary  layer.  If  we  had  done  that,  the  overturning  would  have  been  even  higher. 


K.Papailiou,  Gr 

Many  times  in  various  comparisons  it  seems  that  the  transverse  velocity  is  well  predicted  by  Hawthorne’s  calculation 
method,  and  my  experience  tends  to  give  the  same  answer.  Did  you  also  plot  transverse  velocity  rather  than  angle 
for  comparison? 

Author's  Reply 

I  haven’t  done  that,  and  it  would  be  interesting  to  see  whether  the  agreement  is  any  better.  1  personally  don’t 
think  it  will  be  very  much  better.  For  this  case,  I  think  our  problem  is  that  we  have  such  high  turning,  and  the 
Hawthorne  theory,  as  you  know,  assumes  no  distortion  of  the  Bernoulli  surfaces  and,  of  course,  here  we  have 
enormous  distortion. 


K.Papailiou,  Gr 

We  have  made  this  comparison  on  a  similar  cascade  and  got  rather  reasonable  results.  A  second  question:  Did  you 
mix  out  the  losses  from  your  exit  plane  to  see  how  much  more  you  get? 


Author’s  Reply 

No,  we  haven’t  done  that. 


B.  Lakshminaray  ana 

Do  you  have  any  detailed  measurement  upstream  of  the  cascade?  I  am  specifically  looking  for  the  presence  of  any 
flow  separation  upstream  of  the  cascade  near  the  leading  edge.  If  you  have  detailed  measurements,  it  would  be 
useful  to  include  them  in  this  discussion,  so  that  the  data  would  be  useful  to  computors.  Please  provide  detailed 
velocity  profiles  and  turbulence  profiles  (if  you  have  them). 

Author's  Reply 

We  have  measurements  at  the  slot  1  position,  i.e.  14%  of  axial  chord  upstream  of  the  blades  (see  Figure  1 ).  Figure  3 
shows  the  yaw  angle  contours  at  slot  1 ,  which  show  high  turning  of  the  flow  around  the  leading  edge  near  the  end 
wall.  This  is  also  seen  in  Figure  1 8.  Clearly  close  to  the  leading  edge  where  the  horseshoe  vortex  forms  there  is  a 
separation  line,  and  slot  1  appears  to  confirm  that.  However,  we  have  no  evidence  of  anything  other  than  normal 
behaviour  further  upstream,  although  we  have  not  traversed  in  detail. 


Ph.Ramette,  Fr 

In  Figure  8,  which  gives  the  losses  in  slot  6,  we  can  see  the  passage  vortex  losses  and  the  losses  due  to  the  horseshoe 
suction  surface  leg.  In  Figure  9,  which  gives  the  velocities  in  slot  6,  we  can  see  the  passage  vortex  but  not  the  horse¬ 
shoe  vortex.  Could  you  comment  about  this? 

Author's  Reply 

The  vector  plot  of  the  secondary  velocities  is  a  good  means  of  visualizing  the  general  flow  field,  but  small  detail 
tends  to  get  obscured.  The  suction  surface  leg  of  the  horseshoe  vortex  is  confined  close  to  the  suction  surface,  and  it 
is  also  quite  weak  at  slot  6  since  its  rotation  is  opposite  to  the  strong  passage  vortex.  Thus  it  is  not  visible  in  Figure 
9,  although  its  effect  is  shown  on  the  loss  contours  of  Figure  8,  and  its  separation  line  can  be  picked  out  on  the 
through-passage  plot.  Figure  22. 


C.H.Sieverdbig,  Be 

Your  results  are  much  in  line  with  the  results  of  our  experiments  in  straight  cascades.  In  particular,  1  am  glad  to  see 
that  you  also  find  that  the  center  of  the  high  loss  core  doesn't  coincide  with  the  center  of  the  passage  vortex.  I 
would  also  like  to  comment  on  two  points:  (a)  where,  do  you  think,  does  the  comer  vortex  start  and  (b)  what  are 
the  main  contributions  to  the  high  loss  core? 
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Author's  Reply 

Answering  the  two  points: 

(a)  Looking  at  Figure  1  8,  it  appears  that  the  counter  vortex  starts  when  the  separation  line  from  the  pressure  side 
leg  of  the  horseshoe  vortex  reaches  the  suction  surface  of  the  next  blade,  i.e.  about  slot  5.  It  is  then  that  the 
high  cross  flow  leaves  the  end  wall  close  to  the  suction  surface  and  the  comer  vortex  is  formed  on  the  other 
side  of  the  separation  line. 

(b)  The  high  loss  core  is  mainly  composed  of  the  original  inlet  boundary  layer,  which  is  convected  around  the 
passage  forming  the  loss  core,  as  our  series  of  results  show.  However,  there  is  also  a  smaller  but  significant 
contribution  of  loss  which  is  formed  by  the  shear  action  on  the  blade  surface  and  which  is  then  fed  into  the 
main  flow  by  the  separation  line  from  the  suction  side  leg  of  the  horseshoe  vortex. 


AO  POO  308  4 


18-1 


BOUNDARY  LAYER  DEVELOPMENT  ON  ROTATING  BODIES  OF  REVOLUTION 

By 

Lambros  Lambropoulos ,  Student 

Panagiotis  Xtenidis,  Scientific  Collaborator 

Kyriakos  Papailiou,  Professor 

Laboratory  of  Thermal  Turbomachines 
Athens  National  Technical  Univ. , 

Athens,  Greece. 


Abstract 

''-5’There  are  many  practical  cases  in  turbomachines/ where  the  behaviour  of  the  three'-  ”* 
dimensional  axisymetric  rotating  boundary  layers  must  be  known. 

In  this  work  the  authors  analyse  existing  experimental  data  concerning  such  rota¬ 
ting  viscous  flows.  It  is  demonstrated  how  one  may  describe  such  cases  in  the  rotatio¬ 
nal  frame  of  reference,  using  simple  boundary  layer  notions. 

Boundary  layer  calculations  are  then  performed  in  order  to  predict  these  flows. 

The  theoretical  and  experimental  results  are  found  to  be  in  a  very  good  agreement. 

List  of  Symbols 

n  distance  in  the  normal  to  the 

wall  direction 

N  distance  in  the  transverse  direction 

R  radius 

s  distance  in  the  longitudinal  di¬ 

rection 

U=«R  peripheral  velocity 
V  absolute  velocity 

W  relative  velocity 

6  boundary  layer  thickness 

6.  displacement  thickness  of  the  re¬ 
duced  velocity  profile 

62  momentum  thickness  of  the  reduced 
velocity  profile 

<u  angular  velocity 


Subscripts  ^ 

e  external  flow  component 

n  normal  to  the  wall  direction 

component 

N  transverse  direction  component 

s  longitudinal  direction  component 

w  wall  component 

Superscripts 
(')  reduced  component 


Introduction 


The  general  approximation,  which  consists  in  decomposing  the  flow  into  an  inviscid 
and  a  viscous  part  (two  zone  model),  along  with  Prandtl’s  approximation,  has  greatly 
helped  the  development  of  modern  engineering  calculations,  which  take  into  account  the 
effects  of  viscosity. 

Classical  two  or  three-dimensional  viscous  calculations  are  based  on  the  assumption 
that  the  external  velocity,  which  results  from  an  inviscid  calculation,  can  be  consi¬ 
dered  constant  in  magnitude  and  direction  inside  the  viscous  region.  In  addition,  the 
viscous  problem  is  formulated  in  deficit  form  in  respect  to  the  external  inviscid  flow. 

Although  not  mentlonned  explicitly,  most  times,  the  separation  of  the  flow  field 
in  two  zones  (inviscid  and  viscous)  implies  the  existance  of  a  reference  direction  and 
modulus  in  respect  to  which,  knowing  the  deficit  quantity,  the  reconstruction  of  the 
real  flow  field  is  possible.  In  the  case  of  a  turbulent  flow,  the  external  inviscid 
velocity  vector  is  usually  taken  as  reference  for  the  mean  velocity  flow  field  and 
the  direction  of  the  external  velocity  is  used  to  express  the  semi-empirical  laws  valid 
for  the  turbulent  quantities. 

In  this  senadwe  are  talking  about  a  privileged  direction,  while  the  above  mention- 
ned  semi -empirical  information  is  used  to  obtain  closure  for  our  formulation. 

If  the  two  zone  model  is  adopted,  the  external  flow  is  supposed  to  be  described 
by  the  inviscid  equations  of  Euler  with  boundary  conditions  such,  that  the  viscous  re¬ 
gion  manifests  its  presence  through  the  blockage  effects  it  produces.  Such  a  description 
is  valid  in  extreme  cases  such  that  of  a  shock/turbulent  boundary  layer  interaction, 
which  results  into  a  severe  boundary  layer  separation  (see  ref.(1)). 

Several  attractive  simplifications  result  when  adopting  the  two-zone  model.  The 
most  important  one  is  that,  whether  the  nature  of  the  flow  is  elliptic,  hyperbolic  or 
mixed,  this  will  be  considered  only  by  the  inviscid  part  of  the  solution.  The  viscous 
flow  equations  will  be  generally  parabolic  or,  at  the  most,  hyperbolic. 

Looking  at  the  two  zone  model  from  a  different  angle,  we  may  see  that  it  implies 
as  well  that  the  real  flow  is  reconstructed  by  superposing  two  solutions,  the  inviscid 
and  the  viscous  one.  Me  may  perform  this  superposition  in  a  different  wuy,  as  we  do  in 
practice.  Following  an  established  external  flow,  we  may  calculate  step  by  step  along 
each  streamline  the  destruction  of  the  mean  kinetic  energy  (and  the  corresponding  des- 
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truction  of  the  total  pressure)  through  the  action  of  the  viscous  forces.  This  implies 
that  the  static  pressure  field  is  left  untouched,  if  the  flow  is  two-dimensional.  This 
conclusion  is  not  altered  whether  the  calculation  we  perform  constitutes  an  intermedia¬ 
te  step  in  a  number  of  iterations  necessary  to  treat  the  viscous/inviscid  interaction 
problem. 

When  the  flow  is  three-dimensional,  then  the  development  of  secondary  vorticity 
is  associated  with  the  transformation  of  static  pressure  into  kinetic  energy  and  this 
must  be  taken  into  account  for  reconstracting  the  real  static  pressure  flow  field  from 
the  inviscid  one. 

Application  of  the  two  zone  model  in  the  case  of  shear  flows,  for  which  the  Pran- 
dtl's  approximation  is  not  valid,  necessitates  certain  precautions.  For  these  flows 
the  viscous  layer  extends  so  much  in  the  normal  to  the  wall  direction,  that  the  invis¬ 
cid  external  velocity  vector  cannot  be  considered  constant  neither  in  magnitude  nor  in 
direction  inside  it.  Such  an  application  has  been  realized  by  necessity  in  the  field 
of  secondary  flows.  Mellor  and  Wood^i,  were  the  first  to  consider  the  case  of  exter¬ 
nal  flow  field  variations  in  the  normal  to  the  wall  direction  and  give  the  notion  of 
the  reduced  velocity  profile.  This  notion,  particularly  useful,  is  explained  in  figure 
(1).  Hawthorne'3’  and  Horlock'4',  among  others,  contributed,  indirectly,  in  clarifying 
the  physical  situation  in  the  case  of  internal  flows,  where  such  a  model  was  applied, 
by  their  work  concerning  the  behaviour  of  the  secondary  vorticity  and  the  associated 
velocity  field. 


Fig.  1 


Schematic  presentation  of  the  way  the  reduced 

velocity  profile  is  deduced.  In  the  above  figure: 

W  (n)  is  the  external  velocity  distribution 
se 

W  (n)  is  the  real  velocity  distribution  coinciding 
s  with  the  external  one  for  n>6  (6  is  the  shear 
layer  thickness) 

n  is  the  normal  to  the  solid  wall 

W  is  the  value  of  W_  at  the  wall 

s  s 

e  e 

w 


AW 


=  w-  _w_  is  the  velocity  deficit  inside  the  shear 
8e  layer 

(n)=  W  -AW  is  the  reduced  velocity  profile 


Work  that  has  been  done  In  Lyon  (refs(5)  to  (12))  has  also  supported  the  validity 
of  the  two-zone  model  in  such  cases.  On  the  other  hand,  considerable  information  has 
been  gathered  for  the  rules  of  application  of  this  model  and  a  postulate  has  been  put 
forth,  which  resumes  these  rules.  This  postulate  may  be  expressed  in  the  following  way: 

"We  can  decompose  a  flow  region  into  an  inviscid  part  and  various  viscous  parts. 

The  inviscid  part,  which  may  be  rotational,  can  be  described  by  Euler's  equations, 
coupled  with  boundary  conditions,  where  the  blockage  effects  due  to  the  various  viscous 
layers  have  been  taken  into  account.  Each  viscous  layer  must  be  considered  and  calcula¬ 
ted  separatelly  along  with  the  secondary  vorticity  that  it  itself  creates.  As  reference 
for  its  calculation  the  external  absolute  or  relative  (according  to  the  situation)  ve¬ 
locity  vector  must  be  considered. 

The  work  of  the  viscous  forces  destroys,  with  a  good  approximation,  part  of  the 
mean  kinetic  energy" . 

Of  course,  inside  the  considered  viscous  shear  layer  for  external  flows  with  large 
velocity  gradients  this  postulate  must  brake  down.  The  limits  of  validity  are  not  known, 
however,  to-day,  as  it  has  been  applied  to  cases  for  which  only  crude  approximations 
were  possible. 

We  have  been  mentionning  the  secondary  flow  field,  for  which  calculations  are  per¬ 
formed  assuming  that  this  postulate  is  valid.  The  good  results  obtained  in  this  way, 
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suggest  that  maybe  more  refined  shear  flow  calculations  may  be  based  on  the  same  as¬ 
sumptions.  This  general  idea  along  with  the  fact  the  one  basic  assumption  cannot  be 
verified  in  the  case  of  a  secondary  flow  calculation  is  found  at  the  origin  of  the 
present  work.  This  particular  assumption  concerns  the  reference  system  in  respect  to 
which  a  developing  shear  layer  must  be  considered  and  the  reasons  for  which  it  may  not 
be  tested  using  secondary  flow  experiments  performed  on  stationary  and  rotating  blade 
rows  are  explained  in  references  (6)  and  (7) . 

This  question  will  be  examined  below  for  cases  not  so  complicated  as  the  ones 
mentionned  above.  At  the  same  time  an  important  problem  will  be  discussed,  namely  the 
calculation  of  axisymmetric  shear  layers  developing  along  rotating  bodies  of  revolution, 
as  the  one  presented  schematically  in  figure  (2) . 


Fig. 2  Schematic  representation  of  the  three-dimensional 
shear  layer  developing  along  a  rotating  body  of 
revolution.  The  velocity  vectors  are  presented  in 
the  absolute  reference  system. 


These  shear  layers  may  be  found  in  many  turbomachinery  applications  as,  for  exam¬ 
ple,  along  the  rotating  nacelles  leading  to  the  first  rotating  row  of  an  axial  or  ra¬ 
dial  type  turbomachine. 

The  analysis  will  be  based  on  already  existing  experimental  results  and  it  will 
be  tried  to  apply  the  notions  developed  above.  The  present  analysis  will  exclude  the 
case  of  the  sudden  shear  applied  to  a  layer  developing  along  a  stationary  and  then, 
abruptly,  on  a  rotating  solid  axisymmetric  surface. 


2 .  Analysis  of  Cases  of  Rotating  Viscous  Lavers 


The  experiments  used  in  the  present  work  are  described  mainly  in  references  (13) 
and  (14).  References  (15),  (16)  and  (17)  were  also  considered.  They  concern  essentially 
two  cases,  which  are  presented  schematically  in  figures  (3a)  and  (3b).  The  first  one 
is  cylindrical  and  the  second  one  is  conical.  The  internal  solid  boundary  is  rotating 
around  the  axis  of  symmetry  and  we  consider  the  three-dimensional  boundary  layer  dever 
loping  on  it. 
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Fig. 3a  First  experimental  case:  Cylindrical  body  rotating 
in  a  channel. 
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Fig.  3b 


Second  experimental  casetConical  body  rotating 
in  a  channel. 
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After  analysing  the  experiments,  we  came  to  the  conclusion  that,  for  a  first  ap¬ 
proximation  analysis,  one  could  consider  that  the  annulus  height  was  large  enough,  so 
that  secondary  vorticity  induced  velocities  outside  of  the  wall  boundary  layer  could 
be  neglected.  It  was  also  possible  to  conclude  that  velocity  profiles  could  be  analy¬ 
sed  taking  into  account  that  the  external  velocity  in  the  absolute  frame  was  axial  and 
uniform  for  the  cylindrical  case. 

The  analysis  of  the  experimental  results,  presented  below,  is  based  on  the  above 
mentionned  two  simplifying  assumptions.  Only  the  mean  velocity  field  will  be  analysed 
in  agreement  with  the  measurements  that  were  performed. 

Typical  velocity  profiles  described  in  the  absolute  system  of  reference  for  the 
cylindrical  case,  which  will  be  considered  first,  are  presented  in  figure  (4).  It  can 


tangential  velocity  v  (m/s )  axial  velocity  u  (m/s) 

Fig. 4-  Velocity  profiles  in  the  absolute  frame  of  reference  . 
Cylindrical  case  (ref. (13)). 


be  easily  seen  that  the  transverse  velocity  profile  cannot  be  represented  by  any  of  the 
velocity  profile  families,  which  are  known  from  boundary  layer  theory.  Attempts  to  re¬ 
present  the  longitudinal  velocity  profile  by  Coles'  velocity  profile  family  did  not  gi¬ 
ve  acceptable  results. 

An  attempt  was,  then,  made  to  describe  the  velocity  profile  in  the  relative  (rota¬ 
ting)  frame  of  reference,  in  agreement  with  the  assumptions  used  for  secondary  flow  cal 
culations.  This  reference  system  seems  more  natural  to  consider  in  our  case,  in  view  of 
the  no  slip  condition  at  the  solid  wall  upon  the  behaviour  of  a  boundary  layer.  In  the 
relative  reference  system,  the  reference  velocity  is  the  external  relative  one  and  it 
changes  its  magnitude  and  direction  as  we  move  away  from  the  solid  wall  along  a  normal 
to  it.  A  typical  set  of  longitudinal  and  transverse  velocity  profiles  in  the  new  refe¬ 
rence  system  is  presented  in  figure  (5) .  A  first  remark  that  can  be  made  is  that  the 


Fig. 5  The  longitudinal  and  transverse  velocity  profiles  in  the 
relative  frame  of  reference.  Case  of  cylindrical  rotating 
body  of  revolution  from  ref. (13).  Streamlined  nose  body. 

C  Relative  longitudinal  profile.  Experiment 

9  Relative  transverse  profile.  Experiment 

— —  Inviscid  external  velocity  profile. 

—  Analytical  representation  of  the  longitudinal 

experimental  velocity  profile  using  Coles'  ve¬ 
locity  profile  family. 
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transverse  velocity  profile  is  non-existant.  A  second  remark  is  that  the  reduced  pro¬ 
file  resulting  from  the  longitudinal  one  can  be  very  well  described  by  the  Coles'  ve¬ 
locity  profile  family.  The  particular  analytical  velocity  profile  was  specified  from 
the  experimental  values  of  the  displacement  and  momentum  thicknesses  6,and  6,  of  the 
reduced  velocity  profile.  The  resulting  analytical  velocity  profile  has  been  transposed 
in  the  physical  system  and  is  presented,  along  with  the  experimental  results,  in  figu¬ 
re  (5). 

This  analysis  suggests  that  the  relative  external  velocity  is  the  reference  velo¬ 
city  for  the  rotating  boundary  layer.  At  the  same  time,  the  absence  of  a  transverse 
velocity  profile  is  easy  to  explain.  Assuming  that  the  rotating  boundary  layer  has 
been  essentially  developed  on  the  cylindrical  part,  we  can  remark  that  the  external 
relative  velocity  doesn't  change  its  direction  along  streamlines  of  the  relative  flow. 
The  corresponding  trajectories  are  spiral  with  constant  angle.  It  is,  thus,  impossible 
to  develop  from  primary  vorticity  a  secondary  vorticity  and  a  transverse  velocity  pro¬ 
file  associated  to  it. 

Of  course,  this  argument  is  not  exact,  especially  near  the  wall  where  the  effects 
of  the  boundary  layer  development  along  the  initial  rotating  spherical  part  are  felt. 
Observed  deviations  from  a  strictly  nul  transverse  velocity  profile  near  the  solid  wall 
in  the  analysis  of  the  experimental  results  may  be  attributed  to  this  cause  as  well  as 
to  the  simplifying  assumptions  used  for  the  reconstruction  of  the  inviscid  external 
flow. 


We  arrive,  thus,  at  the  conclusion  that,  not  only  our  viscous  shear  layer  must  be 
considered  in  a  relative  reference  system,  but  also  that,  for  the  cylindrical  case,  it 
may  be  considered  as  two  dimensional. 

In  order  to  concretize  this  last  statement,  we  have  performed  a  two-dimensional 
boundary  layer  calculation  along  the  spiral  streamlines  in  the  relative  system,  using 
the  corresponding  relative  external  velocity  distribution  at  the  wall  as  input.  The 
calculations  were  performed  using  the  integral  boundary  layer  calculation  method  which 
was  presented  in  reference  (19).  The  comparison  of  the  calculated  integral  quantities 
with  the  experimental  ones,  which  correspond  to  the  reduced  velocity  profile  are  pre¬ 
sented  in  figure  (6).  The  agreement  is  very  good. 


Fig. 6a  Comparison  between  theory 
and  experiment.  Cylindri¬ 
cal  rotating  body  with  he¬ 
misphere.  Experimental  re¬ 
sults  from  ref.  (13). 


Fig. 6b  Comparison  between  theory 

and  experiment.  Cylindrical 
rotating  body  with  streamli¬ 
ned  nose.  Experimental  results 
from  ref  .(13). 


O  Experimental  values  of  momentum  thickness  6^ 

A  Experimental  values  of  displacement  thickness  6. 

—  Theoretical  calculation  results  using  method 
of  ref.  <13 ) . 


We  may  turn  now  to  the  case  of  the  rotating  cone.  The  same  analysis  in  the  relati¬ 
ve  system  results  in  a  longitudinal  velocity  profile,  which  can  be  accurately  reprodu¬ 
ced,  as  before,  using  Coles'  velocity  profile  family.  An  example  of  this  analysis  is 
presented  in  figure  (7).  In  this  same  figure  the  transverse  velocity  profile  has  been 
presented,  which  in  non-zero  for  this  case.  This  fact  may  be  explained  by  the  radius 
variation  along  relative  streamlines.  The  relative  external  velocity  changes,  thus, 
not  only  in  magnitude  but  also  in  direction.  The  corresponding  turning  of  the  primary  * 

vorticity  creates,  consequently,  secondary  vorticity  or,  in  other  words,  a  transverse  $ 

velocity  profile. 
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VELOCITY 

Fig. 7  Longitudinal  and  transverse  velocity  profiles  in  the 

relative  frame  of  references.  Case  of  conical  rotating 
body.  Measurements  from  ref.  (13). 

O  Relative  longitudinal  profile.  Experiment 

®  Relative  transverse  profile.  Experiment 

-  Inviscid  external  velocity  profile. 

—  Analytical  representation  of  the  longitudinal 

experimental  velocity  profile  using  Coles'  velo¬ 
city  profile  family. 


(18) 

Figure  (8)  presents  such  a  profile  in  the  same  coordinate  system  that  Johnston'  ' 
uses  in  order  to  obtain  his  triangular  form.  It  can  be  seen  that  here,  also,  in  spite  of 
the  various  approximations  used  in  the  present  analysis  concerning  the  external  velo¬ 
city  field,  the  triangular  form  is  evident. 

Not  having  the  possibility  to  perform  a  three-dimensional  calculations,  the  present 


3.  Conclusions 

An  analysis  of  the  behaviour  of  the  mean  velocity  field  was  performed  for  boundary 
layer  developing  on  rotating  bodies  of  revolution.  Experimental  results  from  cylindri¬ 
cal  and  conical  rotating  bodies  were  examined. 

It  was  concluded  that  the  analysis  ought  to  be  performed  in  the  rotating  frame  of 
referencesand  that,  as  reference  for  this  viscous  flow  analysis,  the  relative  external 
velocity  vector  should  be  used. 

If  this  was  done,  then,  for  the  cases  considered,  the  viscous  velocity  flow  field 
behaved  in  the  same  way  as  a  classical  two  or  three-dimensional  boundary  layer.  Of 
course,  it  is  expected  that  Coriolis  force  effects  will  be  present  as  far  as  the  turbu¬ 
lence  behaviour  is  concerned. 
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;A  previously  developed  theory  for  the  calculation  of  a  three-dimensional  boundary  layer 
along  any  curved  axlsymmetrle  wall  surface  is  summarized.  In  addition,  new  defect  force 
correlations  take  into  account  the  Interactions  between  blades  and  end-wall  boundary 
layer  flows,  in  particular  tip  clearance  effects,  relative  motion  and  secondary  losses 
are  included.  Velocity  profiles  are  reconstructed  from  the  Integral  boundary  layer 
thicknesses  by  use  of  velocity  profile  models  defined  in  the  meridional  and  angular 
di rect i ons . 


The  different  aspects  of  the  theory  are  tested  systematically  on  various  configurations. 
It  is  shown  that  the  overall  behaviour  of  axial  compressor  boundary  layers  can  be 
simulated  with  the  present  method  and  that  the  defect  force  correlations  are  able  to 
simulate  all  the  secondary  flow  effects. 


SYMBOLS 


b  boundary  layer  parameter 

c  absolute  velocity  component,  chord 

E  entrainment  rate 

F  force  defect  thickness 

f  blade  force 

H  shape  factor 

H*  Head's  shape  factor 

h  annulus  height 

m  meridional  coordinate 
n  coordinate  normal  to  the  wall 

P  power 

p  pressure 

Q  volume  flow 

r  radius 

s  streamwise  coordinate,  pitch 
T  temperature 

T*  Eckert  reference  temperature 
t  transverse  coordinate 
t  tip  clearance 

U  wheel  speed 

u  pitchwise  coordinate 

W  velocity  in  the  blade  reference  system 
w  relative  velocity  component 

y  coordinate  normal  to  the  wall 


a  flow  angle 
1  stagger  angle 

s  physical  boundary  layer  thickness 
6*  displacement  thickness 
e„  wall  skewing  angle 
n  efficiency 

ibl  boundary  layer  efficiency 
0  momentum  thickness 
v  defect  force  thickness 
p  density 
o  solidity 
r  shear  stress 
*  mass  flow  coefficient  cm/U 
w  angular  speed 

subscrl pts 

k  kinematic 
w  at  the  wal 1 

m,n,u  in  meridional  coordinates 
s,y,t  in  streamline  coordinates 


INTRODUCTION 

Three  main  components  can  be  distinguished  in  the  flow  passing  through  a  blade  row.  A 
main  component  'far'  from  blades  and  end-walls  is  In  general  considered  as  an  inviscid 
part  of  the  flow.  The  flows  'close'  to  the  blade  surfaces  and  to  the  end-walls  are 
subject  to  viscous  effects  since  the  presence  of  the  blades  and  the  end-walls  both  give 
rise  to  boundary  layers  which  moreover  present  a  high  three-dimensional  character.  A 
direct  consequence  of  the  presence  of  boundary  layers  is  a  blockage  effect  which  can  rise 
to  10  or  even  20  t  of  the  passage  area.  The  three-dimensional  character  of  the  end-wall 
boundary  layers  (EWBL)  Is  moreover  shown  to  have  an  influence  on  the  energy  exchange  and 
efficiency  of  the  machine  [1]. 

A  current  approach  to  solve  for  these  three  distinct  parts  of  the  flow  consists  in  the 
splitting  of  the  complete  flow  into  blade-to-blade  flow  and  meridional  through  flow.  The 
meridional  through  flow  Is  obtained  by  considering  an  averaged  blade-to-blade  flow  In  the 
meridional  plane.  In  this  plane  radial  equilibrium  Is  to  be  expressed  and  the  EWBL  are 
to  be  taken  into  account.  Because  of  the  averaging  of  the  blade-to-blade  flow,  the 
through  flow  approach  consists  in  an  ax i symmetric  approach  of  the  turbomachine  flow. 

The  present  paper  Illustrates  a  method  for  the  determination  of  the  EWBL  effects.  This 
Is  done  through  a  three-dimensional  Integral  boundary  layer  approach,  where  a  special 
attention  is  given  to  the  blade-to-blade  averaging  procedure.  Blade  force  variations 
inside  the  EWBL  are  shown  to  have  Important  effects  and  art  taken  into  account  in  a 
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semi -empi ri cal  way.  Since  the  present  method  is  based  on  an  Integral  boundary  layer 
approach,  it  delivers  integral  boundary  layer  thicknesses  only.  Spanwise  velocity 
profiles  are  however  reconstructed  from  these  integral  parameters  through  the  intro¬ 
duction  of  velocity  profile  models,  allowing  a  complete  through  flow  prediction, 
including  the  EWBL  regions. 


SUMMARY  OF  THE  EWBL  THEORY 

The  present  method  originates  in  Mellor  and  Wood's  approach  [22  where  rigorous  integral 
boundary  layer  equations  were  written  for  the  end-wall  boundary  layers,  including  force 
defect  thicknesses.  In  this  work,  simplified  assumptions  such  as  constant  shape  factor 
or  skin  friction  were  made  and  the  equations  were  integrated  from  inlet  to  outlet  of  a 
blade  row.  This  approach  was  extended  by  Hirsch  [32  to  include  simple  velocity  profile 
models  and  further  developed  by  the  introduction  of  more  sophisticated  velocity  profile 
models  and  improved  correlations  for  the  defect  forces  by  De  Ruyck  and  Hirsch  [42- 
Although  the  results  presented  in  these  papers  were  predicting  correctly  most  of  the 
phenomena  associated  with  secondary  flow  and  EWBL  effects,  detailed  comparisons  with 
experimental  velocity  profiles  indicated  some  di screpanc 1 es ,  in  particular  in  presence  of 
tip  clearances.  An  improved  correlation  for  the  force  defect  thicknesses  has  been 
introduced  and  discussed  in  the  Ph.  D.  thesis  of  De  Ruyck  [52,  where  a  detailed 
description  of  the  whole  theory  Is  presented. 

In  the  present  section  a  summary  is  given  of  the  equations  which  are  used  for  all  the 
applications..  These  equations  are  written  in  the  meridional  coordinate  system  m,n,u  (fig 
1).  'c'  denotes  an  absolute  velocity  and  ‘w*  a  relative  velocity  component. 

The  boundary  layer  momentum  and  entrainment  equations  are 
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Eqs  1  to  3  are  written  In  the  absol ute  reference  system.  All  the  variables  are 
pitch-averaged.  The  boundary  layer  thicknesses  in  these  equations  are  defined  as 
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Figure  1  i  Meridional  coordinate  syete*  »,n#u 


19-3 


/( 


pw. 

fe~ 


)  dy 


C5) 


These  thicknesses  are  defined  in  the  wall  reference  system.  The  velocities  with  an 
overhead  carat  (')  denote  the  'outer ’  or  ■ i nv l sc i d '  reference  velocities.  Corrections 
for  variations  of  w  with  r  are  not  considered  in  eqs  1  and  2.  The  velocity  ratios  are 
modelled  through 
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The  density  ratio  is  given  by 
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The  entrainment  rate  E  is  given  by 
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The  mainstream  and  cross  flow  shear  stresses  are  obtained  from 
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The  'kinematic'  thicknesses  8*.  and  I  .  are  defined  as 
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Eqs  4  to  19  are  written  in  the  wal 1  reference  system.  The  thicknesses  4mm  »  Hun  .  4  ^  and 
s*u  and  the  parameters  b  and  n  have  the  same  values  in  both  absolute  and  relative  systems 
whereas  the  wall  skewing  angles  and  4UU  are  related  by  the  jump  relations 
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The  blade  mainstream  defect  force  is  found  from 
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The  tranverse  lift  defect  is  found  from 
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in  absence  of  a  tip  clearance  and  from 
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in  presence  of  a  tip  clearance.  The  constants  k  and  k’  are  given  by 
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The  cross  flow  thickness  is  defined  through 
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Eqs  21  to  26  are  written  in  the  blade  reference  system. 

The  basic  eqs  1,  2  and  3  are  integrated  in  the  meridional  direction  using  a  fourth  order 
Runge-Kutta  method  (Merson)  with  as  complementary  relations  eqs  4  to  26.  The  values  for 
k,  k'  and  L  are  obtained  as  the  best  overall  values  from  a  fit  to  the  large  number  of 
applications  discussed  in  the  following. 


EWBL  EFFECTS  ON  THE  OVERALL  PERFORMANCE 

The  important  Impact  of  the  end-wall  boundary  layers  on  the  overall  machine  efficiency 
has  been  demonstrated  In  the  early  papers  of  Smith  [1]  and  Mellor  and  Hood  [2]. 
According  to  Oe  Ruyck  [5],  the  stage  efficiency  can  be  approached  by 
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The  thicknesses  6  ,  6  and  v  are  respectively  the  meridional  displacement  thickness,  the 
absolute  energy  loss  thickness  and  the  angular  defect  force  and  they  are  defined  as 
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Apt  and  P  denote  respectively  the  overall  pressure  Increase  and  the  Input  shaft  power 
which  would  be  found  In  absence  of  the  EWBL.  The  energy  thickness  was  In  general  not 
considered  In  efficiency  corrections  In  the  past,  but  In  the  authors  opinion,  the 
variation  A6**  may  not  be  neglected  since  an  Important  reenergizing  of  the  EWBL  can  occur 
In  a  rotor  and  the  absolute  value  of  8**  may  vary  In  an  Important  way.  It  was  found  that 
as**  may  be  of  the  same  order  of  magnitude  as  v~  6*  . 

It  is  important  to  observe  that  v  and  S*B  have  the  same  value  in  both  absolute  and 
relative  reference  systems,  but  the  energy  thickness  8**  not.  In  an  incompressible 
approach  the  absolute  and  relative  energy  thicknesses  are  related  as  follows 

Ec  S**|  -  Ec  S**|  .  -  U  pc2  »  (32) 

m  1  rel  m  1 abs  m  in 

Hence,  If  the  energy  exchange  occurs  without  extra  loss  in  the  EWBL,  giving  no  Increase 
In  the  energy  loss  thickness  In  the  steady  relative  reference  system,  a  variation  In 
absolute  energy  thickness  Is  found  through  eq  32.  It  was  found  that  the  three 
contributions  ***,  «*  and  v  are  not  Independent  and  the  efficiency  decrease  due  to  the 
EWBL  directly  depends  on  the  energy  loss  only.  The  defect  force  thickness  however  has  an 
important  Indirect  effect  on  the  efficiency,  since  non-zero  defect  forces  can  Increase  or 
even  decrease  the  energy  Toss  thickness,  through  the  boundary  layer  momentum  equations. 
It  can  be  shown  that  In  the  absolute  system 
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It  should  finally  be  observed  that  the  efficiency  eq  27  Is  an  approximation.  A  correct 
way  to  estimate  the  total  efficiency  Is  discussed  In  [5]. 

APPLICATIONS 

The  theory  has  been  tested  In  Its  different  aspects.  The  base  boundary  layer  models  were 
first  tested  through  simple  20  boundary  layers  along  flat  plates  and  conical  diffusers 
where  strong  adverse  pressure  gradients  are  present.  Three-dimensional  boundary  layers 
are  next  considered  In  a  radial  angular  diffuser.  The  force  defect  correlations  are 
tested  In  cascades  and  single  stage  compressors  where  the  tip  clearance  effects  are 
emphasized.  The  details  of  all  these  tests  can  be  found  fn  [5  ]  and  the  most  interesting 
results  are  reported  In  the  present  paper.  The  theory  Is  finally  applied  to  a  NASA  two 
stage  compressor  [12]. 

The  following  test  cases  are  considered 

20  boundary  layers  with  given  pressure  gradient 


The  boundary  layer  development  In  20  flows  Is  predicted  using  experimental  pressure 
gradients  as  Input.  The  theory  Is  tested  In  presence  of  positive  and  negative  pressure 
gradients.  Two  conical  diffuser  tests  are  considered  where  the  flow  Is  close  to 
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separation,  which  can  be  considered  as  a  severe  test  for  the  used  model  equations. 

3D  boundary  layers  in  a  radial  vaneless  diffuser 

A  radial  diffuser  with  a  3D  boundary  layer  at  inlet  is  considered.  A  simple 
v i scous - i  nv i sc  i  d  interaction  algoritm  is  introduced  in  order  to  predict  the  diffuser 
blockage  level  as  well  as  the  meridional  pressure  gradient.  The  overall  angular  velocity 
is  determined  through  radial  equilibrium.  3D  profiles,  boundary  layer  thicknesses  and 
external  velocities  are  compared  with  experimental  data. 

Cascades  of  blade  rows 

The  behaviour  of  the  EWBL  in  a  single  compressor  blade  row  is  analysed.  These  tests 
allow  the  analysis  of  the  defect  force  correlations  in  absence  of  a  tip  clearance. 
External  pressure  gradients  are  based  on  experimental  data  at  inlet  and  outlet  of  the 
considered  cascades. 

Single  stage  compressors  with  variable  tip  clearance 

Two  test  cases  are  considered  in  order  to  analyse  the  defect  force  assumptions  in 
presence  of  a  tip  clearance.  These  tests  are  performed  in  experimental  turbomachines, 
since  such  cascade  data  are  not  available.  Even  in  the  case  of  turbomachine  flows, 
detailed  data  about  the  tip  clearance  flows  are  not  profuse. 

NASA  two  stage  compressor 

The  method  is  finally  applied  to  a  low  aspect  ratio  two-stage  fan  where  detailed 
experiments  are  available. 


STANFORD  TURBULENT  BOUNDARY  LAYER  TEST  CASES  [6] 

The  first  elements  which  are  tested  are  the  2D  momentum  conservation  eq  1,  complementary 
equations  eqs  3,  12,  16  and  the  profile  model  equations  6  and  8.  All  the  test  flows  are 
incompressible.  Test  flows  with  negative,  constant  and  positive  external  pressure 
gradient  are  considered.  For  the  experiments  where  the  momentum  balance  is  not  satisfied 
in  an  experimental  way,  no  good  agreement  can  be  expected  between  calculation  and 
experiment.  The  input  pressure  gradients  have  therefore  been  determined  from  the 
experimental  momentum  thickness,  shape  factor  and  skin  friction  in  such  a  way  that  the 
momentum  balance  is  satisfied. 

On  figures  2  and  3  some  results  obtained  with  the  Stanford  Turbulent  Boundary  layer  data 
are  shown.  Host  of  the  Stanford  data  were  analysed  and  the  results  obtained  at  the  most 
downstream  position  are  summarized  on  fig  2  and  in  table  1.  The  different  markers  in  fig 
2  discern  the  zero-pressure  gradient,  the  negative  and  positive  gradient  and  the  diffuser 
tests.  According  to  fig  2  the  momentum  thicknesses  are  correctly  predicted  for  Reynolds 
numbers  based  on  the  momentum  thickness  from  1000  to  100,000.  The  shape  factor  presents 
some  scatter.  The  friction  coefficient  is  correctly  predicted  except  for  test  case  3600 
where  an  abrupt  positive  gradient  is  present.  On  fig  3  velocity  profiles  are  compared  at 
exit  of  two  conical  diffuser  test  cases.  The  experimental  profiles  are  quite  well 
predicted,  although  these  profiles  are  close  to  separation. 


RADIAL  VANEIESS  DIFFUSER  [7] 

In  the  present  application  three-dimensional  effects  are  introduced.  The  second  momentum 
equation  eq  2  and  the  cross  flow  velocity  profile  model  eq  7  are  verified. 

Since  the  present  method  is  based  on  an  axisymmetric  approach  of  a  turbomachine  flow 
simple  3D  channel  flows  are  not  suited  as  test  cases.  Axisymmetric  flows  such  as  pipe 
flows  or  diffuser  flows  are  to  be  considered.  In  the  present  section,  the  flow  through  a 
radial  vaneless  diffuser  has  been  selected  (Gardow  [7]).  The  test  diffuser  is  drafted  on 
fig  4.  A  rotating  screen  was  used  at  inlet  of  the  diffuser  in  order  to  obtain  a  flow 
angle  of  about  45  degrees.  Experimental  data  are  available  for  all  the  boundary  layer 
thicknesses,  skewing  angle,  friction  coefficient,  external  velocity  and  detailed  3D 
velocity  profiles  at  several  radii. 

The  experimental  external  velocities  are  not  used  as  input  for  the  boundary  layer 
calculation  but  are  predicted  through  radial  equilibrium  and  continuity.  The  radial 
velocity  Is  given  as  function  of  blockage  through 

c‘»  *  srhrr  (34) 

where  8  denotes  the  blockage.  The  pitchwise  velocity  is  given  by  radial  equilibrium 
through 


rcy  •  ct«  (35) 

An  iterative  procedure  Is  to  be  used  since  eq  34  depends  on  the  blockage  which  is  still 
unknown.  The  boundary  layers  are  assumed  to  be  identical  at  both  walls  of  the  radial 
diffuser. 


19-7 


The  results  are  reported  on  figs  5  and  6.  On  fig  5  four  momentum  and  two  displacement 
thicknesses,  the  skin  friction  coefficient  and  the  wall  skewing  angle  are  compared  with 
the  experimental  data.  A  fair  agreement  is  in  general  found.  This  figure  Illustrates 
the  possibility  to  predict  al 1  the  Integral  boundary  layer  thicknesses  through  the  use  of 
an  integral  boundary  layer  method  with  profile  models.  The  reconstruction  of  all  these 
thicknesses  would  not  be  possible  without  the  use  of  velocity  profile  model  equations. 

Less  agreement  is  found  between  the  prediction  and  the  experimental  streamwise  and 
displacement  thicknesses  for  the  most  downstream  data  points.  This  is  probably  due  to 
the  confluence  of  the  boundary  layers,  as  reported  by  Gardow.  The  mainstream  displace¬ 
ment  thickness  (and  hence  the  shape  factor)  is  somewhat  underestimated.  This  is  in 
contradict  ion  with  the  good  result  for  the  radial  velocity  since  both  values  contain  the 
same  information  through  eq  35.  The  experimental  data  are  therefore  not  fully  compatible 
which  may  be  due  to  an  asymmetry  in  both  end-wall  boundary  layers  (only  one  has  been 
measured). 

Calculated  and  experimental  profiles  at  different  radial  positions  are  compared  on  fig  6. 
On  this  figure,  the  radius  increases  from  the  left  to  the  right.  The  overestimation  of 
the  exit  thickness  appears  on  fig  6.  The  power  of  the  profile  shape  is  about  one,  which 
corresponds  quite  well  with  the  quasi-linear  shape  of  the  outer  profiles,  in  particular 
for  the  cross  flow  profiles. 

The  present  test  gives  a  fair  result  which  is  moreover  obtained  wi thout  any  experimental 
input,  since  blockage  level,  cross  flow  intensity  and  external  velocities  are  obtained 
through  calculation.  The  calculation  approaches  the  procedure  which  is  used  in  real 
turbomachines  where  the  radial  equilibrium  is  performed  in  a  less  straightforward  way. 


SALVAGE  CASCADE  DATA  [8] 

In  the  previous  applications  the  basic  equations  and  velocity  profile  models  have  been 
tested  in  flows  where  no  blade  interactions  and  defect  forces  are  present.  These 
Interaction  terms  are  introduced  in  the  present  application  where  single  cascades  of 
compressor  blades  are  considered. 

A  large  amount  of  experimental  cascade  data  have  been  compiled  by  Salvage  and  presented 
in  a  VK I  report  [8].  In  these  test  cases,  several  solidities,  blade  camber,  stagger  and 
Reynolds  numbers  were  considered.  All  inlet  boundary  layers  can  be  considered  as  quite 
collateral.  Experimental  data  are  available  at  inlet  and  outlet  of  the  cascades  along 
the  center  streamline.  It  is  to  be  accepted  that  these  local  data  are  representative  for 
the  pitch  averaged  data. 

Results  are  summarised  in  table  2  and  are  shown  on  figures  7  to  9.  Much  scatter  is 
present  on  these  results  which  is  to  be  explained  by  measurement  Incertainty  and  errors 
due  to  the  poor  knowledge  of  the  experimental  pressure  gradient.  Quite  similar  test 
cases  sometimes  give  strongly  different  experimental  results. 

On  fig  7  results  are  shown  where  zero  defect  forces  were  assumed.  Although  much  scatter 
is  present,  the  calculated  data  show  a  clear  tendency  to  an  underestimation  of  the  exit 
boundary  layer  thickness.  This  underestimation  Is  the  most  pronounced  at  the  high 
thickness  over  chord  ratios.  The  defect  force  equations  21  and  23  were  used  for  figure  8 
where  the  agreement  between  experiments  and  calculated  data  Is  Improved  when  compared 
with  figure  7.  The  Increase  in  the  predicted  thicknesses  is  mainly  due  to  the  secondary 
loss,  through  the  drag  defect  force  eq  21. 

On  fig  9  calculated  flow  angle  profiles  are  shown  for  some  of  the  considered  test  cases. 
The  outlet  cross  flows  are  overestimated  In  all  cases  when  no  defect  forces  are 
considered.  A  fair  agreement  Is  found  for  all  the  outlet  flow  profiles  when  eqs  21  and 
23  are  used  for  drag  and  lift  defect  forces.  From  fig  9  It  appears  how  the  cross  flow 
Intensity  Is  restricted  by  the  lift  defect  force  through  equation  23. 

Although  much  scatter  is  present  on  the  results,  the  importance  of  the  defect  force  and 
the  validity  of  the  used  assumptions  Is  well  Illustrated  In  the  present  test  cases. 


CASCAOE  WITH  30  INLET  80UHDARr  LAYER  [9] 


The  inlet  boundary  layers  In  the  Salvage  cascade  data  can  in  general  be  considered  as 
collateral.  In  the  present  application,  a  cascade  is  considered  where  a  three- 
dimensional  upstream  boundary  layer  Is  present  (Moore  1  Richardson  [9]).  Experimental 
thicknesses  and  velocity  profiles  are  available  at  several  chordwlse  positions  along  the 
centerline  of  the  cascade  flow.  These  data  are  not  pitch  averaged  data  and  it  Is  to  be 
accepted  that  they  are  representative  for  the  pitch  averaged  flow.  On  figure  10 
experimental  and  calculated  thicknesses  and  velocity  profiles  are  compared.  The  blade 
leading  and  trailing  edges  are  Indicated  by  a  mixed  line. 


Results  with  and  without  defect  forces  are  shown.  The  cross  flow  profiles  are  well 
approached  when  using  the  defect  force  assumptions  and  the  behaviour  of  the  other 
thicknesses  Is  Improved  when  compared  with  the  zero  defect  force  assumption.  In 
particular,  the  qualitative  behaviour  of  the  axial  momentum  thickness  which  first 
decreases  and  next  increases  Is  correctly  predicted.  This  evolution  is  due  mainly  to  the 
Influence  of  the  lift  defect  force  eq  23. 
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SINGLE  STAGE  COMPRESSORS  WITH  VARIABLE  TIP  CLEARANCE 


The  last  important  topic  which  has  not  been  analysed  yet  is  the  force  defect  assumption 
in  presence  of  a  tip  clearance.  The  tip  clearance  force  defect  eq  24  is  applied  in  the 
EWBL  of  two  experimental  single  stage  compressors. 

Hunter  and  Cumpsty  single  rotor  [10] 

A  single  rotor  tip  boundary  layer  flow  is  considered.  Two  mass  flow  rates  (*  *  .55  and  v 
=  .7)  and  four  values  of  tip  clearance  are  considered  (tc=  1,  3.1,  5.1  and  9.4  X  chord). 
The  external  pressure  gradient  used  as  input  is  determined  from  the  experimental 
velocities  at  inlet  and  outlet  of  the  rotor  tip. 

On  figure  11  calculated  axial  momentum,  axial  displacement  and  force  defect  thicknesses 
are  compared  with  experiments.  Since  the  absolute  inlet  cross  flow  is  collateral,  the 
force  defect  thickness  gives  an  idea  of  the  cross  flow  thickness  ®um  since  eq  31  for  » 
reduces  to 


V 


e 

um  j 

t  ga  outlet 


(36) 


On  figure  12,  comparisons  are  made  between  calculated  and  experimental  profiles  of  axial 
velocity,  tangential  force  and  relative  flow  angle. 

A  strong  increase  in  thickness  is  found  as  the  tip  clearance  is  Increased.  A  fair 
agreement  is  in  general  found  for  the  calculated  thicknesses.  Less  detailed  agreement  is 
found  for  the  profile  shapes,  in  particular  at  the  highest  mass  flow  rate  (figure  12 
lower  figure).  For  these  test  cases,  the  more  complex  flow  patterns  can  no  more  be 
approached  by  simple  profile  model  equations  such  as  those  used  in  the  present  method. 

The  present  test  shows  the  important  blade  force  variations  in  presence  of  a  tip 
clearance.  This  effect  is  shown  to  be  approached  by  the  defect  force  equation  eq  24. 
Less  detailed  agreement  is  however  found  for  the  detailed  velocity  profiles  inside  the 
EWBL.  The  present  test  has  been  used  as  a  calibration  for  the  value  k1  ^  .5. 


Bettner  and  Elrod  single  stage  compressor  [11] 

In  the  present  test  the  EW8L  through  a  single  stage  compressor  has  been  measured  at  rotor 
tip.  The  stage  consists  of  a  rotor  where  the  upstream  boundary  layer  is  two  dimensional 
in  the  absolute  reference  system  and  a  stator  which  restores  the  rotor  outlet  flow  into 
the  meridional  direction.  The  results  are  reported  on  figures  13  and  14. 

Two  values  of  the  tip  clearance  are  considered  at  the  design  mass  flow  rate.  The  tip 
clearances  are  as  large  as  the  observed  displacement  thicknesses  and  the  present  test  is 
therefore  to  be  considered  as  severe. 

On  figure  13  calculated  and  experimental  values  of  s*B,  a»„  ,  s*»  and  s*t  are  compared. 
All  the  thicknesses  are  strongly  underest imated  at  the  exit  of  the  rotor  when  no  defect 
forces  are  assumed.  When  the  lift  and  drag  defect  forces  are  added,  a  better  agreement 
Is  found.  At  the  high  tip  clearance  value  an  overest imation  in  boundary  layer  thickness 
is  found,  indicating  less  reliability  at  such  high  clearance  values,  which  are  unprobable 
in  practice  however. 

On  figure  14  a  comparison  is  made  between  calculated  and  experimental  velocity  profiles. 
No  agreement  is  found  for  the  angular  velocity  at  exit  of  the  rotor,  but  the  agreement  is 
Improved  as  soon  as  the  stator  Is  entered.  The  agreement  at  stator  exit  is  fair  for  this 
test  configuration  where  the  tip  clearance  has  a  small  value  (1.13  *  span). 

Although  the  qualitative  behaviour  of  the  EWBL  is  improved  through  the  defect  force 
assumptions,  less  agreement  is  found  in  the  present  test  case.  A  better  agreement  can  be 
found  when  the  values  of  the  coefficients  k,  k',  and  L  are  modified  (eqs  22  and  25). 
These  values  were  however  obtained  as  the  best  overall  values  and  are  kept  constant  for 
all  the  present  applications. 


TWO  STAGE  COMPRESSOR  [12] 

Detailed  experimental  flow  and  pressure  gradient  distributions  in  all  the  stages  of  a 
multistage  compressor  are  practically  inexistant  at  the  present  time.  Past  applications 
of  the  EWBL  theory  in  multi-stage  compressors  were  therefore  performed  In  connection  with 
the  prediction  of  the  complete  meridional  compressor  flow.  Results  of  such  applications 
were  presented  in  the  past  [4],  The  quality  of  the  results  obtained  in  these 
applications  depends  not  only  on  the  accuracy  of  the  EWBL  method,  but  also  on  the 
accuracy  of  the  profile  loss  and  the  wall  velocity  field  estimations. 

Detailed  experimental  data  In  a  two  stage  compressor  were  recently  presented  [12]  and  the 
present  theory  can  be  applied  in  this  multistage  machine  without  Interference  of  other 
calculations.  This  NASA  compressor  Is  a  highly  loaded  machine  with  a  low  aspect  ratio  in 
the  first  rotor. 
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The  predicted  boundary  layer  profiles  are  compared  with  the  experimental  data  on  figure 
15.  A  good  agreement  is  in  general  observed  for  the  cross  flow  profiles,  in  particular 
at  the  rotor  exits,  whereas  less  agreement  is  observed  in  the  mainstream  direction.  In 
reality,  the  disagreement  is  mainly  present  in  the  angular  direction,  as  can  be  observed 
from  figure  16  where  the  same  results  are  projected  in  the  meridional  and  angular 
directions.  On  this  figure  it  can  be  seen  how  the  angular  velocity  is  overestimated  in 
the  neighbourhood  of  the  rotor  tip  clearances. 

As  in  the  previous  test  cases,  a  finer  agreement  can  be  obtained  when  changing  the  values 
of  k,  k'  and  L,  whereas  the  overall  values  given  by  eqs  22  and  25  were  used  in  the 
present  applications. 


CONCLUSIONS 

In  the  present  work  a  detailed  axial  compressor  end-wall  boundary  layer  calculation 
method  has  been  summarised.  This  theory  is  defined  in  a  general  meridional  coordinate 
system.  Boundary  layer  velocity  profile  models  are  used  in  order  to  predict  detailed 
spanwise  flow  profiles  in  a  compressor,  including  the  end-wall  regions.  All  the 
interaction  effects  between  blades  and  end-wall  boundary  layers  are  taken  into  account 
through  some  relatively  simple  defect  force  assumptions. 

The  method  has  been  applied  to  several  types  of  boundary  layer  flows  which  range  from 
simple  two  dimensional  boundary  layers  to  boundary  layers  in  high  speed  and  highly 
loaded  turbomachines.  The  different  aspects  of  the  theory  have  been  tested  separately. 
All  the  boundary* layer  thicknesses,  detailed  velocity,  blade  force  and  flow  angle 
profiles  have  been  predicted  and  compared  with  experimental  data.  A  fair  agreement  has 
in  general  been  found  and  the  used  defect  force  assumptions  improve  the  quality  of  the 
results,  when  compared  with  a  zero-defect  force  approach.  The  defect  force  is  shown  to 
be  a  key  element  which  can  play  a  dominant  role  in  the  secondary  flow  and  tip  clearance 
effects. 

The  present  work  shows  that  it  is  possible  to  approach  the  complex  turbomachine  end-wall 
boundary  layer  flows  through  an  integral  boundary  layer  technique.  Detailed  data  can  be 
reconstructed  through  the  modelling  of  the  boundary  layer  profiles.  Although  all  the 
details  of  the  flow  cannot  be  predicted  accurately,  the  quality  of  the  results  can  be 
sufficient  for  engineering  purposes  and  the  computer  requirements  for  such  an  approach 
a  re  smal 1  . 

REFERENCES 


[1]  SMITH  L.H.,  1969,  “Casing  Boundary  Layers  in  Multistage  Axial  Flow  Compressors" 

Brown  Boveri  Symposium,  Flow  Research  on  Blading,  Elsevier,  1969 

[2]  MELLOR  G.M.,  WOOD  G.L.,  1971,  "An  Axial  Compressor  End-Wall  Boundary  Layer  Theory" 
ASME  Journal  of  Basic  Engineering,  Series  d,  Vol  93,  1971,  pp  300-316 

[3]  HIRSCH  C.,  1974,  "Flow  Prediction  In  Axial  Flow  Compressors  Including  End-  Wall 

Boundary  Layers"  ASME  Journal  of  Engin.  for  Power,  Vol  96,  1974,  pp  413-426 

[4]  DE  RUYCK  J.,  HIRSCH  CH.,  1981,  "Investigations  of  an  Axial  Compressor  End-Wall 
Boundary  Layer  Prediction  Method"  ASME  Journal  of  Eng.  for  Power,  Vol  103,  no  1, 
pp  20-33,  1981 

[5]  DE  RUYCK  J.,  1982,  “Computation  of  End-Wall  Boundary  Layers  in  Axial  Compressors" 
Phd  Thesis,  Vrlje  Universfteit  Brussel,  Dept  of  Fluid  Mechanics,  1982 

[6]  COLES  D.E.,  HIRST  E.A.,  1968,  "Computation  of  Turbulent  Boundary  Layers"  Afosr  - 
Ifp  -  Stanford  Conference  Proceedings,  Volume  2,  Compfled  Data,  Dept  of  Mech. 
Eng.,  Stanford  Unlv.,  California,  1968 

[7]  GARDOW  E.,  1958,  "The  Three  Dimensional  Turbulent  Boundary  Layer  In  a  Free  Vortex 

Diffuser"  MIT  Gas  Turbine  Lab.  Report  42,  1958 

[8]  SALVAGE  J.W.,  1974,  "Investigation  of  Secondary  Flow  Behaviour  and  End-Wall 

Boundary  Layer  Development  Through  Compressor  Cascades*  Von  Karman  Institute, 
Technical  Note  no  107,  1974 

[9]  MOORE  R.W.,  RICHARDSON  D.L.,  1956,  "Skewed  Boundary  Layer  Flow  Near  the  End-  Walls 
of  a  Compressor  Cascade"  ASME  Paper  no  56-a-131,  1956 

[10]  HUNTER  I.H.,  CUMPSTY  N.A.,  1982,  "Casing  Wall  Boundary  Layer  Development  Through  an 
Isolated  Compressor  Rotor*  ASME  Paper  Number  82-gt-18,  1982 

[11]  BETTNER  J.L.,  ELROD  C.,  1982,  "The  Influence  of  Tip  Clearance,  Stage  Loading,  and 
Wall  Roughness  on  Compressor  Casing  Boundary  Layer  Development*  ASME  Paper  Number 
82-gt-153,  1982 

[12]  GORRELL  T.,  1983,  "Detailed  Flow  Measurements  In  the  Casing  Boundary  Layer  of  a  427 
Meter  per  Second  Tip  Speed  Two  Stage  Fan*  AVRADCON,  Lewis  Research  Center,  report 
to  be  published. 


19*10 


l  dent 

*«• 

ci  1  c  ■ 

•  Kp. 

shape 

calc. 

factor 

exp. 

friction  coeffli 
calc.  •*  o  - 

339S7 . 

1.76 

1.62 

.00096 

00117 

39627. 

40150. 

2.01 

2.04 

.00062 

.00060 

4  749. 

1.24 

1.34 

.00357 

.00338 

25152. 

1.32 

1.31 

.00236 

.00243 

71239. 

74194. 

1.99 

2.84 

.00055 

0001  2 

21686. 

19075. 

1.57 

1.45 

.00145 

,00189 

34948. 

29125. 

2.24 

1  .  76 

.00045 

,00088 

24641. 

22187. 

1.53 

1.40 

.00152 

89603. 

2.16 

2.41 

.00037 

.00023 

4144. 

3042. 

1.43 

1.43 

.00283 

.00321 

2039. 

1846. 

1.29 

1.50 

.00423 

22679. 

1.60 

1.53 

.00136 

.00156 

31772. 

24919. 

2.39 

2.46 

.00037 

.00018 

5629. 

8045. 

1.68 

2.01 

.00178 

7661  . 

3.52 

4.04 

.00009 

.00002 

6271. 

5149. 

1.51 

1.32 

.00222 

.00305 

14394. 

13625. 

2.59 

2.98 

.00033 

.00018 

20235. 

16654. 

3.36 

3.57 

.00009 

.00004 

6300 

19223. 

18850. 

1.24 

1.28 

.00252 

.00253 

SrwCORD  TURBULENT  BOMMftr  LAYER  OAT  A 
EXPEMICHTAL  AfC  CALCULATED  DATA  AT  EXIT 


I.M  2.  M  3.88  4.88 

EXPERIMENTAL  SHAPE  FACTOR 


Table  1  :  Stanford  Turbulent  Boundary  Layer  data  : 
Calculated  and  experimental  data  at  the  most  downstream  position 


Sal vage  cascade  data 


T«St 

nuaber 

so?  idlty 

turnlnq 

degrees 

axil!  moment 
exp. 

urn  thickness 
calc. 

shape 

exp. 

factor 

calc. 

1 

.67 

-.8 

1.56 

1.07 

1.52 

1.31 

2 

.67 

4.9 

2.42 

1.1 5 

1.77 

1.36 

3 

.67 

7.6 

1.69 

1.28 

1.68 

1.37 

4 

.67 

8.8 

1.82 

1.31 

1.69 

1.39 

5 

1.00 

-.2 

.90 

.83 

2.13 

1.29 

6 

1.00 

4.8 

.83 

.90 

2.12 

1.37 

7 

1.00 

10.0 

1. 17 

.93 

1.90 

1.44 

8 

1.00 

16.6 

1.19 

1.16 

1.85 

1.56 

9 

2.00 

9.5 

1.21 

.73 

2.26 

1.39 

10 

2.00 

22.0 

2.16 

1.93 

1.73 

1.70 

11 

2.00 

24.7 

2.62 

2.13 

1.66 

1.71 

12 

2.00 

23.9 

3.52 

2. SI 

1.56 

1.67 

13 

.99 

8.0 

1.84 

2.26 

1.90 

1.56 

14 

1.00 

17.2 

2.93 

2.55 

1.61 

1.65 

15 

2.00 

29.4 

3.76 

2.78 

1.58 

1.72 

16 

1.99 

27.5 

.86 

1.49 

2.40 

1.56 

17 

1.99 

28.6 

1.71 

1.46 

2.12 

1.59 

18 

1.00 

21.4 

2.09 

2.72 

1.74 

1.76 

19 

2.00 

36.7 

.89 

1.27 

2.31 

3.69 

20 

1.00 

23.9 

3.17 

2.82 

1.73 

1.88 

21 

.99 

20.5 

1.60 

2.75 

1.91 

1.70 

22 

.99 

14.7 

1.36 

1.88 

1.92 

1.49 

23 

1.00 

19.5 

2.86 

3.31 

1.85 

1.49 

24 

1.00 

13.2 

2.39 

2.34 

1.90 

1.32 

2S 

1.00 

11.4 

1.13 

1.49 

1.95 

U3S 

26 

1.00 

22.2 

2.38 

2.34 

1.75 

1.58 

27 

1.99 

30.2 

.79 

1.48 

2.70 

1.57 

28 

1.00 

24.1 

3.45 

2.  74 

1.69 

1.85 

29 

2.00 

31.7 

.86 

1.16 

2.39 

1.48 

30 

1.00 

19.4 

1.40 

1.81 

2.02 

1.52 

31 

2.00 

35.3 

.89 

1.02 

2.22 

1.48 

32 

1.00 

28.7 

3.34 

2.80 

1.57 

1.92 

33 

1.00 

27.4 

2.13 

2.29 

1.68 

1.63 

34 

1.00 

35.6 

2.63 

2.97 

1.49 

1.00 

35 

1.00 

32.2 

2.25 

2.73 

1.61 

1.77 

36 

1.99 

38.3 

1.44 

1.11 

1.74 

1.52 

37 

1.00 

25.9 

3.91 

3.14 

1.67 

2.07 

38 

1.00 

24.1 

2.78 

1.31 

1.61 

1.38 

39 

2.00 

45.1 

3.07 

2.91 

1.55 

1.64 

40 

1.00 

29.0 

4.89 

4.70 

1.66 

2.06 

41 

1.01 

22.9 

4.39 

2.69 

1.54 

1.70 

42 

2.02 

46.6 

2.20 

1.84 

1.51 

1.45 

43 

1.01 

24.3 

5.26 

2.85 

1.60 

1.94 

5  1 

1.00 

10.6 

4.11 

3.11 

1.54 

1.38 

S  2 

1.00 

15.4 

2.86 

2.79 

1.51 

1.45 

S  J 

1.00 

16.3 

3.46 

3.80 

1.54 

1.60 

S  4 

1.00 

18.9 

1.91 

3.03 

1.64 

1.52 

S  5 

2.00 

22.3 

4.  74 

4.80 

1.48 

1.37 

S  6 

.99 

20.3 

3.33 

4.14 

1.52 

1.51 

S  7 

1.88 

36.0 

1.40 

2.41 

1.87 

1.49 

$  8 

1.98 

27.8 

1.30 

2.14 

2.37 

1.45 

S  9 

1.00 

17.9 

4.92 

2.68 

1.57 

1.26 

SI0 

1.00 

19.3 

3. 67 

2.76 

3.49 

1.29 

Sll 

2.00 

31.7 

1.49 

1.78 

1.81 

1.33 

¥  l 

1.09 

28.1 

3.04 

3. 0« 

1.52 

1.41 

*  2 

1.99 

43.3 

2.52 

4.86 

1.65 

1.43 

V  3 

2.02 

43.9 

3.05 

2.37 

1.47 

1.36 

V  4 

.67 

3.4 

1. 19 

.76 

1.64 

1.47 

¥  5 

.67 

7.1 

1.02 

.77 

1.59 

l.SS 

V  6 

1.00 

3.4 

.66 

.58 

2.36 

1.41 

¥  7 

1.00 

7.1 

.40 

.69 

2.21 

1.69 

¥  8 

1.00 

12.5 

1.28 

.78 

1.84 

1.59 

¥  9 

1.00 

19.5 

.94 

1.19 

1.90 

>.’? 

¥10 

2.00 

18.3 

2.07 

.96 

2.06 

1.7* 

¥11 

2.00 

24.  > 

2.51 

1.90 

1.70 

2.01 

¥12 

2.00 

25.4 

1.69 

1.39 

1.67 

2.03 

V1J 

2.00 

24.9 

2.75 

2.13 

1.61 

1.84 

¥14 

1.99 

33.5 

1.69 

1.35 

1.96 

2.25 

Table  2  :  Salvage  Cascade  data  :  calculated  and  ex  per  ntal  results 


Stanford  Turbulent  Bound.  Layer  Data 
Calculated  and  experimental  data  at 
Che  most  downstream  position 
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Figure  3  : 

Stanford  Turbulent  Bound.  Layer  Data 
Velocity  profiles  at  dovnstreaa  position 
Conical  diffuser  teat  cases  5000,  5100 
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Gardow  vaneless  diffuser  (ref  7) 


Garun  vaheless  diffuser 
IOEMT  A-45.2  (If) 


GARUN  VANELESS  DIFFUSER 

I  DENT  A -45. 2  <1® 


Figure  5 


Gardow  vaneless  diffuser  (ref  7) 

Solid  lines  :  calculated,  symbols  :  experiment 


GARDOW  VANELESS  DIFFUSER 
1DENT  A-45. 2  (li) 


MAINSTREAM  AND  CROSS  FLOW  VELOCITi 


Gardow  vaneless  diffuser  (ref  7) 

Velocity  profiles  at  several  radii 

Solid  lines  :  calculated,  symbols  :  experiment 


SALVAGE  CASCADE  FLOW  ANGLE  PROFILES 


liliili— j*  ’  Salvage  cascade  data  (ref  8)  Figure  9  :  Salvage  cascade  data  (ref  8) 

Calculated  and  experimental  data  at  exit  of  the  cascades  Calculated  and  experimental  flow  profiles  at  exit  of 

Results  obtained  when  using  the  defect  force  eqs  21  and  23  Solid  Une8  .  calculated,  symbols  :  experiment 

Results  with  and  without  defect  force  assumptions 
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BETTNER  t  ELROD  SINGLE  STAGE  COMPRESSOR 
CONFIGURATION  5 


AXIAL  ANO  ANGULAR  VELOCITY  0>..a) 


Figure  14  :  Bettner  &  Elrod  single  stage  compressor  (ref  11) 
Solid  lines  :  calculated,  symbols  :  experiment 


NASA  TWO  STAGE  AXIAL  COMPRESSOR 
TIP  BOUNDARY  LAYER  PROFILES 


Figure  15  :  NASA  Two  Stage  Compressor  (ref  12) 

Mainstream  and  cross  flow  velocity  profiles 
Solid  lines  :  calculated,  symbols  :  experiment 


NASA  TWO  STAGE  A?!AL  COMPRESSOR 
TIP  BOUNDARY  LAYER  PROFILES 


MERIDIONAL  ANO  ANGULAR  VELOCITY  (M/S) 


Figure  16  :  NASA  two  stage  aompressor  (ref  12) 

Meridional  and  angular  velocity  profiles 
Solid  lines  :  calculated,  symbols  :  experiment 
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DISCUSSION 


J. Dunham,  UK 

When  you  calculate  a  force,  a  defect  force,  you  need  the  inlet  angle  and  velocity  and  outlet  angle  and  velocity  to  do 
that.  When  you  have  a  multistage  calculation  or  a  calculation  with  more  than  one  blade  row,  what  inlet  angle  and 
velocity  do  you  use  for  the  blade  rows  after  the  first?  Because  obviously,  if  you’ve  done  the  calculations  through 
the  first  blade  row  you  then  have  a  velocity  profile  near  the  wall  with  rapidly  changing  inlet  angle  and  velocity. 
Now,  what  values  do  you  actually  use  to  get  the  force  defect? 


Author's  Reply 


The  reference  we  use  is  an  estimation  of  the  inviscid  velocity  profile  near  the  wall. 

Comment  by  K.Papaiiiou,  Gr 

A  similar  calculation  method  has  been  presented  in  the  references  cited  below.  In  Reference  (5),  comparisons  are 
made  of  two  theoretical  methods,  the  one  we  mention  and  Sockol's  method  (6)  with  experimental  results  coming 
from  a  highly  compressor  cascade  (presented  in  Reference  (2)).  These  results  include  defect  force  term  measure¬ 
ments.  It  would  be  interesting  to  see  how  your  prediction  method  compares  with  these  experimental  results,  which 
are  available  from  the  Laboratoire  de  Mlcanique  des  Fluides,  Ecole  Centrale  de  Lyon. 
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RESUME 


Les  objectifs  de  ce  papier  sont  3  deux  niveaux  :  tout  d'abord  nous  prSsentons 
des  rfesultats  expferimentaux  obtenus  sur  un  compresseur  mono-6tag§  transsonlque  reprfesen- 
tatlf  d'un  Stage  de  moteur  aferonautique  ;  1* accent  sera  mis  particuliferement  sur  les  vec- 
teurs  vus  par  les  aubages,  en  ament  et  en  aval  de  ceux-cl,  dans  les  zones  du  moyeu  et  du 
carter. 


En  parallfele  une  6tude  thSorlque  de  ces  Scoulements  est  prSsentSe.  Les  princi- 
pales  caractferistiques  de  la  mSthode  utilisfee  sont  d' assurer  un  transfert  coherent  de 
1 1  Information  lors  des  changements  de  repfere,  et  une  trfes  bonne  stabilitfe  du  calcul.  Pour 
cela,  les  equations  de  transport  de  deux  composantes  de  la  vorticlte  secondalre  sont  uti- 
lisfees  simultanfement  avec  les  equations  dScri vant  dans  une  forme  intfegrale  une  couche  vis- 
queuse  tridimensionnelle,  et  avec  une  equation  dScrivant  l'Scoulement  sain  A  la  parol.  Une 
comparalson  entre  les  rfesultats  expSrlmentaux  et  thfeoriques  permet  d'apprScler  la  valldlte 
de  la  mfethode. 


SUMMARY 


The  objectives  of  this  paper  are  two  fold  s  first,  we  present  experimental 
results  obtained  in  a  one-stage  transonic  axial  flow  compressor,  which  is  a  typical  stage 
of  an  aeronautical  motor  i  we  shall  particularly  point  out  the  velocity  vector  In  front 
of  and  downstream  of  the  blades,  near  the  hub  and  the  tip  of  the  machine. 


A  theoretical  study  of  these  flows  will  be  also  presented.  The  main  characte¬ 
ristics  of  the  method  are  that  the  transfer  of  information  is  properly  realized  while 
changing  a  frame  of  reference.  Also  a  very  good  computational  stability  is  obtained.  In 
this  method,  two  equations  for  the  transport  of  two  vorticity  components  are  used  in 
parallel  with  the  equations  which  describe,  in  an  integral  form,  the  3D  viscous  layer, 
and  with  an  equation  which  describes  the  inviscid  flow  at  the  wall.  A  comparison  between 
the  experimental  and  theoretical  results  allows  to  appreciate  the  validity  of  the  method. 
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H1 
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1 

Ps 

R 

(N,  S  ,B) 


(0 ,m,B) 


T 

V 

W 

a 

0 

6 

P 

a 

u 


Fraction  du  pas  dans  une  direction  6,  laissfie  libre  3  l'Scoulement. 

Facteur  de  forme  :  6paisseur  de  d3placement/6paisseur  de  quantity  de  mouvement. 
Envergure 

Vecteur  de  base  du  rep&re 
Pression  statique 
Rayon 

SystSme  de  coordonnSes  curvilignes  associfi  3  1 ' 6coulement  sain 
(S  selon  W,  B  normals  3  la  parol) 

Sy at feme  de  coordonnfees  curvilignes  life  3  la  machine 
(m  mferidien,  0  circonfferentiel) 

Tempferature 
Vitesse  absolue 
Vitesse  relative 
tan"* 1  (V./V  ) 
tan"1 (W9/Vm) 

Epaisseur  de  couche  limits 

Densitfe 

Vorticit* 

Vecteur  rotation  de  la  machine 
Viscositfe 


Indices  Infdrleurs 


a  Condition  relative  3  un  repSre  absolu  ou  fixe 

o  Condition  d'arrdt 

R  Condition  relative  3  un  repSre  tournant 

S  Condition  statique  ou  selon  la  direction  S 

V  Visqueux 

H  Caractdrise  une  fraction  de  (associS  aux  conditions  amont  essentiellement, 

Indices  SupSrleurs 

Ecoulement  sain 

'  Ecoulement  secondaire 

-  Valeur  moyenne  selon  9 


1.  INTRODUCTION 


Le  dSveloppement  de  machines  de  plus  en  plus  poussdes  ndcessite,  3  1 ' Evidence , 
une  connaissance  accrue  de  1' Ecoulement  dans  ces  machines  ainsi  que  des  moyens  de  predic¬ 
tions  de  plus  en  plus  performants .  Nous  nous  intdressons  particuliSrement  dans  cet  article 
au  ddveloppement  des  Scoulements  visqueux  dans  les  zones  proches  du  moyeu  et  du  carter  d'un 
compresseur  axial  mono-dtagd  transsonique. 

Dans  ce  domaine  des  compresseurs  axiaux,  diffdrents  auteurs  ont  prdsentd  des 
rSsultats  expdrimentaux  ddtaillds  en  particulier  Lakshminarayana  et  son  groupe,  pour  les 
zones  proches  des  parols  et  pour  un  compresseur  fonctlonnant  3  de  faibles  nombres  de  Mach 
[1,  2,  5].  Un  effort  coherent  a  ete  entrepris  depuis  plusieurs  amides  3  l'Ecole  Centrale 
de  Lyon  sous  l‘6gide  de  la  DRET  et  de  la  SNECMA,  pour  l‘6tude  expdrimentale  et  thdorlque 
des  phdnomdnea  secondaires  dans  les  turbomachines,  et  en  particulier  dans  les  compresseurs. 
I1*,  5,  6,  71. 


Dans  un  precedent  papier  [9],  nous  avons  prdsentd  des  rdsultats  exp6rimentaux 
detaillds  obtenus  sur  un  compresseur  axial  transsonique.  L'lntdrdt  d'utiliser  une  machine 
fonctlonnant  dans  ce  domaine  de  nombre  de  Mach  est  dvidemment  d'dtudier  des  phdn amines 
plus  rdalistes  pour  certains  industriels  ;  mais  aussi  de  permettre  une  meilleure  informa¬ 
tion  sur  les  mdcanismes  assurant  les  transferts  dnergdtiques  entre  les  pales  et  le  fluide. 
En  particulier,  l'analyse  de  nos  rdsultats  3  l'aval  de  la  roue  mobile  a  montrd  que  les 
phdnomdnes  secondaires,  qui  ont  une  origine  visqueuse,  avaient,  par  le  biais  des  change- 
ments  du  repSre  mobile  au  repSre  fixe,  contribud  3  1 ' augmentation  de  l'dnergie  utile  dans 
la  region  du  moyeu,  sous  l'effet  des  tourbillons  secondaires  engendrds.  Alors  que  dans  la 
region  du  carter,  les  effets  de  jeu  conduisent  en  g6ndral  3  une  diminution  de  l'dnergie 
fournie  au  fluide. 

Dans  le  present  papier,  et  sur  le  plan  experimental,  nous  nous  lntdresserons 
plus  particuliSrement  3  1' aspect  clnSmatlque  des  ph6nom6nes  secondaires  dans  ce  compres¬ 
seur,  dans  les  regions  du  bord  d'attaque  et  du  bord  de  fuite  des  aubages. 

Sur  le  plan  thdorlque,  le  traitement  des  dcoulements  secondaires  s'appuie 
souvent  sur  une  hypothdse  de  type  couche  limits  se  ddveloppant  sous  les  influences  conju- 
gudes  d'un  dcoulement  sain,  et  d'une  vorticitd  secondaire,  dont  l'dvolution  peut  Stre 
ddcrite  prlncipalement  par  le  biais  de  mdcanisme  non  visqueux.  Cette  notion  de  vorticitd 
secondaire  intervient  plus  ou  moins  lmplicitement  dans  les  mdthodes  de  calcul,  telles 
celles  de  Mellor  et  Hood  [12]  ou  de  HirBh  [11].  Elle  est  utilisde  explicitement  dans  la 
mdthode  de  Comte,  Ohayon  et  Papailiou  [9].  Notre  ddmarche  s'appuie  sur  la  mdthode  ddvelop- 
pde  dans  [9],  et  dont  les  dquations  sont  ddveloppdes  dans  le  cas  d'une  machine  centrifuge 
par  Vouillarmet  [6].  Nous  en  rdsumons  briSvement  ici  les  iddes  de  base.  Nous  supposons 
l'exlstence  d'une  direction  privildgide  notde  S,  gdndralement  ddfinie  par  l'dcoulement  sain 
local,  selon  laquelle  les  propridtds  de  l'dcoulement  cisailld  seront  exprimdes  3  l'aide  de 
lois  de  similitude  au  niveau  de  la  composante  V8  du  profil  de  Vitesse.  Dans  les  directions 
transversales  (notde  N  et  B) ,  nous  supposerons  que  les  composantes  de  vitesses  vN  et  Vg 
sont  assocides  prlncipalement  avec  le  ddveloppement  d'une  vorticitd  longitudinale  !)B.  En 
pratique  la  mdthode  de  calcul  est  batie  sur  une  moyenne  des  dquations  selon  la  direction 
circonfdrentielle  9,  ce  qui  crde  des  termes  dits  de  "fluctuations"  qui  traduisent  la  non- 
uniformitd  azimuthal#.  Puis  une  formulation  ddficltaire  par  rapport  3  l'dcoulement  sain 
local  est  utilisde  avant  d'introduire  une  intdgration  selon  la  normals  3  la  parol  B  de 
l'dquation  de  conservation  de  la  masse  et  de  la  composante  de  l'dquation  de  quantitd  de 
mouvement  selon  la  ligne  de  courbure  moyenne  de  l'aubage  (s').  Dans  les  mdthodes  ddcrites 
en  [6]  et  [9],  et  utilisde  en  [9]  ces  deux  dquations  sont  rdsolues  simultandment  avec  une 
dquation  de  transport  de  la  vorticitd  S)8. 
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Le  deuxiBme  objectif  du  present  papier  est  de  presenter  une  nouvelle  methode 
qui  permet  de  corriger  l'hypothese  trop  restrictive  d'un  ecoulement  de  type  couche  limite 
selon  s,  decrite  plus  haut.  Ceci  assurers  un  traitement  plus  correct  des  transferts  d' in¬ 
formations  lors  des  changements  de  repSre.  Dans  ce  but  une  nouvelle  formulation  des  equa¬ 
tions  de  transports  de  la  vorticite  secondaire  sera  presentee.  Enfin,  une  comparaison 
entre  les  resultats  exp6riraentaux  et  thBoriques  sera  donnBe. 

2.  ETUDE  EXPERIMENT ALE  DES  PHENOMENES  SECONDAIRES 


Les  experiences  ont  ete  realis6es  sur  le  compresseur  qui  est  donn6  schemati- 
quement  figure  1.  Le  compresseur  a  ete  teste  sur  le  banc  d'essai  de  compresseur  haute- 
vitesse  de  l'Ecole  Centrale  de  Lyon.  Une  description  detainee  du  banc  et  des  moyens  de 
mesures  (sondes  de  pression  stationnaires  directionnelles)  utilises  sont  donnes  en  [<*]. 

Dans  la  mSme  reference,  on  trouvera  des  indications  sur  la  m€thode  suivie  afin  d' assurer 
une  bonne  coherence  des  mesures. 

Le  compresseur  utilise  est  lBgBrement  different  de  celui  dont  les  resultats 
ont  6te  presentes  en  [4J.  La  forme  de  la  veine  au  niveau  du  moyeu  du  redresseur  a  en 
effet  ete  modifiee  afin  de  diminuer  la  charge  sur  la  coupe  de  pied  de  cet  aubage  ;  ceci 
a  de  lBgBres  consequences  sur  1' ecoulement  dans  la  roue  mobile. 

Dans  ce  qui  suit  nous  allons  presenter  les  resultats  experimentaux  obtenus 
dans  les  plans  notes  3,  4  et  6  sur  la  figure  1.  Dans  les  plans  3  et  6,  les  mesures  moyen- 
nees  en  azimuth  sont  le  rBsultat  de  1 ' exploration  sur  plus  d’un  pas  en  aval  de  1' aubage 
fixe  qui  prBcSde.  Notre  propos  est  de  d6finir  les  conditions  cinematiques  en  araont  et  en 
aval  de  la  roue  mobile  et  du  redresseur.  L' objectif  est  aussi  de  verifier  la  validity 
d'une  hypothBse  de  type  couche  limite  dans  la  direction  de  l'6coulement  sain,  et  dans  la 
region  du  bord  d'attaque  des  aubages. 

Dans  ce  but,  nous  prBsentons  figures  2a,  3a,  4a,  5a,  6a,  la  composante  de  la 
vitesse  moyennfie  selon  6  et  projetde  selon  la  direction  donnBe  par  1’ ecoulement  sain  local 
pour  la  vitesse  dans  un  repBre  fixe  Vs  (2a,  5a,  6a)  et  dans  un  repBre  mobile  Hs  (3a,  4a). 

Le  vecteur  vitesse  complet  peut^Btre  obtenu  en  utilisant  les  distributions  d' angles  moyen 
pour  ^e  vecteur  vitesse  absolu  V  :  a  (figures  2b,  5b,  6b)  et  pour  le  vecteur  vitesse  rela¬ 
tive  W  :  6  (figures  3b,  4b) ,  dans  les  positions  axiales  correspondences.  Sur  ces  figures 
les  symboles  ( o  /  a  )  correspondent  3  des  mesures  rBalisBes  respectivement  avec  une  sonde 
cobra  au  moyeu,  et  cylindrique  au  carter,  dans  les  m Bines  positions  azimuthales.  Le  trait 
pointilie  dBcrit  1' ecoulement  sain  de  reference.  Le  trait  continu  correspond  aux  resultats 
des  calculs  que  nous  dBcrirons  dans  la  suite  du  texte. 

L' ecoulement  entrant  dans  la  roue  directrice  d'entr§e  (plan  1,  figure  l)  est 
du  type  couche  limite  bidimenaionnelle  au  moyeu  et  au  carter.  Nous  constatons  que  ce 
caractfire  semble  ef fectivement  conserve  dans  le  plan  3  (figure  2a) ,  si  nous  considerons 
Vs.  A  cette  couche  limite,  il  se  superpose  un  effet  tourbillonnaire  (figure  2b)  qui  est 
issu  au  carter  d'un  tourbillon  de  passage  Slgp,  et  au  moyeu  des  effete  conjuguBs  de  £lSp  et 
d'un  tourbillon  de  jeu  fiaj .  (Le  detail  de  ces  mesures  peut  6tre  trouvB  en  reference  (4j. 

En  changeant  de  repBre,  (figures  3a  et  3b),  l'aspect  de  type  "couche  limite"  n'est  pas 
fondamentalement  modifie  au  carter.  Au  moyeu,  on  pourrait  considerer  que  le  facteur  de 
forme  Hj2r  a  fortement  diminuB  par  rapport  3  H^2a  dans  le  repBre  absolu  ;  c'est  cette 
remarque  que  nous  avions  utilis6e  en  [4],  avec  1' hypothBse  que  l'epaisseur  de  couche  li¬ 
mite  6  etait  conservBe  dans  les  deux  repBres. 

La  repartition  d'angle  relatif  B  (figure  3b)  danB  le  plan  3  peut  donner  lieu 
3  deux  interpretations  diffBrentes,  quoique  complBrnentaires.  Nous  pouvons  consldBrer  que 
1' aubage  de  la  roue  mobile  ressent  un  ecoulement  boub  une  forte  incidence  aux  parois  ;  ce 
qui  interpr6t6  en  utilisant  un  modSle  d' ecoulement  sain  se  traduirait  par  des  pertes  61e- 
vBes  aux  parois.  Rappelons  cependant  que  dans  notre  modSle,  l1 ecoulement  sain  est  respon- 
sable  de  la  majeur  partie  du  champ  de  pression  statique  Ps  (effet  d'equilibre  radial)  ; 
pour  les  compresseurs  cette  hypothBse  est  assez  bien  v6rif i6e  ainsi  que  le  raontre  la  repar¬ 
tition  de  Ps  dans  le  plan  3  (figure  6)  I  notons  que  la  valapr  de  Ps  de  l'Bcoulement  sain 
donnBe  figure  8,  correspond  au  trait  pointilie  donn6  figure  3b.  Selon  une  autre  hypothBse, 

1 ' augmentation  de  Si  aux  parois  traduit  des  conditions  aux  limites  partlculiBres  sur  la 
vorticite  secondaire  Ds  pour  la  roue  mobile  ;  c'est  cette  deuxiBme  idee  que  nous  utlllse- 
rons  dans  la  suite. 

En  aval  de  la  roue  mobile,  Ws  (figure  4a),  a  toujours  un  aspect  de  type  couche 
limite  au  carter,  ainsi  qu'au  moyeu.  On  notera  cependant  au  moyeu,  pour  0  <  h  <  0.15,  une 
croissance  de  la  valeur  expBrimentale  de  Wg,  qui  rBsulte  diregtement  d'une  augmentation  de 
la  temperature  d'arrflt  relative  Tor,  par  rapport  3  sa  valeur  Tor  dans  l'Bcoulement  sain. 

1 4] .  Ceci  lndique  peut  etre  des  transferts  parasites  au  travers  de  la  paroi  moyeu  de  la 
roue  mobile.  La  repartition  de  S«  montre  de  nouveau  un  ecoulement  tourbillonnaire  qui  se 
superpose  done  3  la  couche  limite  (effet  de  tourbillon  de  passage  en  pied  Ciap,  effet  de 
jeu  t  n,p  en  ttte) . 
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Dans  le  repSre  absolu,  si  l'approche  de  type  couche  limite  au  carter  ne  semble 
pas  introduire  d'erreur  remarquable  a-priori,  11  est  clair  que  cette  situation  est  boule- 
versde  au  moyeu  (figure  5a).  La  repartition  observde  pour  V8  met  done  en  ddfaut  l'approche 
classique  de  type  couche  limite  qui  est  sensde  ddcrire  lntggralement  la  composante  Vs  pour 
l'gcoulement  entrant  dans  le  redresseur.  En  outre  il  semble  que  la  repartition  de  V8  &  l'a- 
val  (plan  6)  du  redresseur  soit  fortement  influenede  par  l’etat  de  non  couche  limite  a 
l'amont  (figure  6a).  II  suffit  d'observer  que  la  zone  de  fort  gradient  3V8/3h  au  moyeu, 
que  l'on  serait  tente  d'assimiler  4  une  epaisseur  6a  de  la  nouvelle  couche  visqueuse,  eat 
de  l'ordre  de  6a  *  0.07  h  alors  que  dans  le  repdre  relatif  6R  0.15  h  au  plan  4.  Afin  de 
mieux  appr6cier  1' origins  des  pertes  de  preSBion  d'arrSt  dans  le  plan  6,  on  donne  figure  7 
la  repartition  de  la  pression  d'arret  PQ,  dans  le  plan  azimuthal  (R,0)  sur  plus  d'un  pas 
inter-aubage  du  redresseur.  Nous  observons  une  forte  concentration  de  pertes  dans  le  sil- 
lage  de  l'aube  du  redresseur,  ainsi  qu'4  proximite  de  l'extrados  au  moyeu. 

En  conclusion,  nous  devons  done  remarquer  que  la  composante  V8  ou  W8  de  la 
Vitesse,  dans  la  direction  de  1' dcoulement  sain  ne  peut  pas  Stre  uniquement  ddcrite  par 
une  fermeture  de  type  couche  limite  bidimensionnelle  pour  la  zone  du  moyeu.  Pour  la  zone 
du  carter,  cela  reste  qualitativement  vrai,  bien  qu'il  soit  assez  facile  d'imaginer  qu'une 
partie  de  1 • information  soit  oublide  par  1* utilisation  unique  d'une  hypothdse  de  type 
couche  limite  selon  s,  Sgalement  dans  cette  zone. 


L'dcart  de  V8  (ou  W8)  par  rapport  4  un  profil  de  type  couche  limite,  danB  un 
nouveau  repdre,  rdsulte  directement  de  l’effet  de  la  vorticitd  nB  existante  dans  le  repdre 
precedent,  au  travers  du  changement  de  repdre . 

Comme  il  est  clair  que  le  phdnomdne  secondaire  est  principalement  caracterise 
par  un  effet  du  vecteur  rotationnel  tl '  au  travers  de  ces  deux  composanteB  fig  (pour  V8)  ou 
de  Qq  (pour  a) ,  et  que  ce  m£me  vecteur  u'  ne  se  modifie  pas  lors  du  changement  de  repdre, 
il  est  done  necessaire  de  prevoir  dans  la  methods  de  calcul,  en  plus  du  calcul  de  fi8  et  de 
l'aspect  couche  limite  de  V8,  un  traitement  particulier  de  la  vorticite  %  qui  n'est  pas 
directement  touchee  par  1‘ effet  visqueux  de  type  couche  limite.  Noub  avons  choisi  de  trai- 
ter  cet  "exeds"  de  %  en  supposant  que  le  champ  de  P8  n'est  tou jours  pas  perturbe  directe¬ 
ment  dans  1' dcoulement.  C'est-4-dire  que  le  phdnomdne  secondaire  n'intervient  au  niveau 
de  1' dcoulement  sain  que  par  le  biais  d'une  modification  de  la  veine  aux  parols.  Ceci  cons- 
titue  une  approximation  dont  le  degr§  d 1  importance  reste  cependant  4  prdciser. 


3.  ETUDE  THEORIQUE  DES  PHENOMENES  SECONDAI RES 


a)  Nous  allons  dans  ce  qui  suit  ddtailler  une  mdthode  permettant  d’ assurer  un 
transfert  addquat  de  1' information,  associde  aux  phdnomdneB  secondalres,  lors  d'un  change¬ 
ment  de  repdre  dans  une  machine,  et  cela  pour  une  mdthode  de  calcul  integrals  du  type  de 
celle  ddcrite  dans  1 ' introduction  de  ce  papier.  Puis,  nous  donnerons  deux  equations  de 
transport  de  la  vorticite  pour  fi8  puls  fig,  Enfin  une  compare  Ison  sera  etablie  avec  les 
rdsultats  expdrimentaux  precedents.  Soit  fia  §t  fiR  les  vorticitea  rapportdes  4  des  repdres 
absolu  et  relatif  jespectlvement  ;  et  soit  u  le  vecteur  rotation  de  la  machine.  Nous 
avons  :  «a  »  fiR  -  2<u  (1) 

Soit  fi  et  S'  les  vecteurs  rotationnels  associes  4  1' dcoulement  sain,  et  secondaire  respec- 
tivement.  ,. 

Nous  posons  :  S  -  fi  +  S'  (2) 


Dans  ce  qui  suit  seul  S'  sera  considdrd.  Nous 
lid  4  1 ' dcoulement  sain,  nous  aurons  : 


(nNv  +  °,NH)a  +  nba  *Sa  * 


supposerons  que,  dans  un  repdre  curving,.^, 


(3a) 


(C1NV  +  ^'nh'r  ^Nr  +  nSR  *SR  + 


nba  *B 


(3b) 


fifty  reprdsente  la  fraction  la  composante  fift  qui  peut  dtre  ddcrlte  par  un  profil  de  type 
couche  limite  uniquement. 

flgH  r*prfisente  done  le  complement  de  fifty  dans  fift.  Il  est  clair  que  fifty  ddpend  directement 
de  la  fermeture  utillsde  pour  le  phdnomdne  visqueux.  Cependant,  si  on  dispose  d'une  equa¬ 
tion  ddcrivant  1' evolution  de  fiNg  (ou  fig)  4a  l'amont  vers  l'aval  de  la  grille,  on  dispo¬ 
sers  alors  d'une  description  plus  rdaliste  de  1' dcoulement  dans  la  machine. 


Afin  de  dffinir  sw  et  fiRy  dans  le  nouveau  repdre,  11  nous  est  ndcessalrs  de 
formula r  une  hypothdse  puisqu“une  relation  manque.  Nous  supposerons  que  (figy)R  dans  le 
nouveau  repdre  n'est  lid  qu'd  (%v>a*  Cette  hypothdse  sous-entend  que  l'effet  turbulent 
dans  le  nouveau  repdre  ne  peut  provenlr,  au  bord  d'attaque  d'un  aubaga,  que  de  l'effet 
turbulent  dans  l'ancien  repdre.  Ce  qui  peut  se  justifier,  au  moins  partiellement,  an  notant 
qua  le  phdnomdne  turbulent  se  caractdriae  d'une  part  par  un  mdcanisme  1  mdmoira,  et  d'au- 
tre  part  par  un  temps  de  rdponse  non  ndgligeable  face  4  des  solliciations  imposdes,  dans  le 
nouveau  repdre,  par  le  champ  de  vitesse  moyenne  9  ;  ce  dernier  mdcanisme  doit  cependant 
dtre  moddrd  4  proximitd  immddiate  de  la  parol,  ofi  on  peut  imaginer  une  rdponse  quasi¬ 
ins  tantande. 
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A  l'aide  de  cette  hypothAse,  nous  aurons  alors,  A  partir  de  (3a  -  b)  : 

^Nv’r  =  (0Mv>a  •  008  <a  "  6)  Ua) 


R 

lVa  •  COS 

(a  - 

S)  +  (fi^)a  sin  (a  - 

8) 

(4b) 

(nNv  +  fiNH}a  • 

sin 

(a  -  8)  +  (O')  cos 

»  a 

(a  -  8) 

(4c) 

<°i>R  =  <nB>a  (4d) 

Les  relations  (4a  -  4d)  constituent  done  un  raoyen  de  transferer  1 ' information  du  repAre 
absolu  au  repAre  relatif.  L'Atape  suivante,  dans  le  cas  d'une  raAthode  intAgrale,  consiste 
A  ajuster  (au  sens  des  moindres  carrAs  par  exemplej ,  les  paramAtres  intervenant  dans  la 
loi  analytique  donnant  Ws  (6,  UT)  afin  de  dAcrire  au  mieux  le  profil  de  Vitesse  associA  A 
(O'  )R  (UT  est  une  Vitesse  de  frottement)  ;  cette  Atape  ne  pose  pas  en  gAnAral  de  diffi- 
cuitA,  si  on  note  que^d'aprAs  1' hypothAse  prAcAdente  on  a  :  5a  =  Sr 

MalgrA  tout,  si  cos  (ci  -  8)  <0,  alors  (0rv)  change  de  signe  dans  le  nouveau  repAre  ;  ceci 
signifie  qu'un  profil  de  couche  limite  associA  A  (0rv)  peut  engendrer  un  maximum  de  vitesse 
A  la  parol  dans  le  nouveau  repAre.  Dans  ce  cas  particulier,  nous  supposons  alors  que  la 
zone  de  paroi,  identifiAe  par  l'Atendue  maximum  de  la  zone  log.  dans  V8,  est  le  siAge  d'une 
couche  limite,  pour  laquelle  la  valeur  du  facteur  de  forme  H12  est  fixA  arbitrairement  A 
1.4. 


b)  Nous  allons  maintenant  donner  les  Aquations  permettant  de  dAcrire  le  dAve- 
loppement  de  %  et  Os-  L' Aquation  du  vecteur  tourbillon  (Aquation  de  Navier-Stokes  sur  la¬ 
quelle  est  appliquAe  1'opArateur  (VA)  rotationnel)  s'Acrit  dans  un  repAre  tournant  A  la 
vitesse  o  : 

3 

-3^5  +  (W.V)  i?R  -  (SR  .  7)  W  -  J  ($p.K) 


=  2(2  .  V)  S  +  2  ^  ($p.S)  -  7<i)A  7  Ps  +  £  V*(5r 


(6) 


p  -  '  'p'A  -  'S  p  R 

Nous  avons  uniquement  nAgligA  les  effete  des  variations  de  p  et  p  dans  le  terme  visqueux. 

Cette  Aquation  est  tout  d'abord  projetAe  dans  le  repAre  curvillgne  (ts,  Ij,,  tN) 
orthonormA,  selon  lji  et  la.  Puis  nous  appliquons  une  moyenne  selon  8,  la  direction  circon- 
f Arentielle.  II  vient  alors  en  nAgligeant  les  termes  d'aubages,  et  les  termes  de  fluctua¬ 
tions  selon  8,  et  en  notant  W  une  vitesse  moyenne  en  8  s 


^3  J_  <b  n  ,  + 

b  am  'p  “nr' 

*  <VW  -  T* 


pw, 


b  1  ,b  K 


El  <E  V 


3bW„ 

TT>  (SsR  +  2  “s> 


+  <Vio>  -  E  TT'  <nbR  +  2  V 

_,_T  3bW„ 

-  (WsKN8  +  Vto.  -  ^  “s*  (fi- 


am 


Nr  +  2  V 


■  2  “n  (EE  T5?  +  EE  ^  +  2  “s  ‘Vns  '  Vs*1 
+  2  “b  <V«b  -  WbKb>  +  [V(p)  A  7  <V  +  £ 


bj,'  ■  ‘"p-  A  •  --S-  p 

be  term"  visqueux  est  dAterminA  en  supposant  qu'il  est  crAA  par  (0Nv)  et  en  posant  : 


(7a) 


3  fb  jr  .  ,  ^b  J_  ,b  .  .  (n  ,  t 

b  B  1  j  nNvJ  +  b  3B  E  QNvJ  P  7  '  « 


(7b) 

ah. 


Enfin  le  terme  de  pression  est  nAgligA.  ,  m, 

Les  termes  de  courbures  Ki:)  sont  donnAs  en  fonction  des  mAtriques  hj  par  Kij  «  r-r  .  ■jct 
oil  Xj  est  la  coordonnAe  selon  la  direction  j.  1  3  3 

De  mtme  une  Aquation  pour  0SR  peut  Atre  obtenue  en  projettant  (6)  selon  7a  : 

0. 

»R 

^,b'- 


3sl  /l>ij  ,  ,  !!b  1  ,b  .  . 
b  am  (E  V  *  b  aB  (E 


-  (s 


+  (M.  K.b 


TS5  +  K.b  *b  *  *.N  V  <n.R  +  2  “•> 

1  3blf. 

‘  E  Tb-’  <SbR  +  2  V  • 


f 
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+  (W8K8N  +  “TT 


3bW  _ 

~ 5m-'  <nNR  +  2  un' 


2  w  3b£  . 


s  'bp  3B  "  Bp 

+  2  “b  ‘Vsb  '  WbKb8>  +  2  “>N  (W8K8N  '  VW 


+  [V(i)  A  v  (Ps)  ]  .  ts  +  (£  V*  aH>  .  t,  (8) 

Oe  mSme  nous  n6gligeons  l'effet  du  terme  de  pression.  L'effet  du  terme  de  dis¬ 

sipation  est  modeiisS  par  un  raccordement  du  profil  transversal  de  Vitesse  W„  a  z6ro  3  la 
paroi ,  sur  l'fetendue  de  la  zone  log.  de  Ws.  II  est  intSressant  de  comparer  (8)  avec  1 1  equa¬ 
tion  habituellement  utilisge  pour  le  transport  de  fls,  (references  [4],  [5],  16],  [8]),  et 

qui  est  deduite  des  travaux  de  Lakshminarayana  et  Horlock  [10]  pour  un  rep&re  de  Fresnet. 

Dans  ce  cas,  si  le  repSre  de  Fresnet  est  assimiie  au  repSre  lie  3  l'6coulement  sain,  et 
en  ne  conservant  que  les  termes  essentiels,  il  vient  : 


d 

31 


SR 

PW 


s 


dS 

3s 


(9) 


Dans  l'equation  (8),  le  transport  de  fl3R  est 
L'allongement  de  S2s R  sous  l'effet  de  Hs  est  contenu  dans 
premier  membre  de  (9)  .  .■» 

Nous  avons  en  outre  :  K  „  =  -  41 
sN  38 


par  les  2  premiers  termes. 

,  ;  ceci  d6crit  done  le 
“sr' 


et 


o  i  abRWe 

bR  "  bR  3m 


Ws 


d  sinS  . 
~ 5m”  * 


"X" 

38 

3s 


1  3bWs 

fiNR  ^  "  b  3B 

ce  qui  montre  que  le  second_membre  de  (9)  peut  6tre  dScrit  par  : 

i  3bw„  _  _  _  _  as 

B  ~3B~ '  ^bR  +  Ws  KsN  “nR  ^  "  2  “nr'  Ws  "35 


sous  certaings  hypotheses.  Ainsi  (8)  est  a  prfif 6rer  a  (9)  puisque  la  production  de  (1  „  sous 

Veffet  de  3 "a  est  associde  en  rfialite  pour  une  part  a  la  deflexion  de  1' ecoulement^iain 

d§/ds  et  3B  pour  une  autre  part  3  la  variation  de  RVg  selon  m,  et  non  pas  3  2  d§/ds.  La  ) 

difference  entre  (8)  et  (9)  pourrait  6tre  plus  sensible  dans  les  veines  centrifuges. 


c)  L' application  pratique  d'une  telle  methode  consiste  3  r6soudre  simultanement 
les  equations  (7a  -  b) ,  (8)  et  les  deux  equations  integrales  decrivant  la  couche  visqueuse 
sous  une  forme  integrate.  Afin  d' assurer  la  stabilite  du  calcul,  nous  avons  trouve  ndees- 
saire  de  joindre  au  systdme  precedent  une  equation  suppiementaire  qui  d6crit  le  comporte- 
ment  de  l'ecoulement  sain  3  la  paroi  sous  1* influence  des  phdnomdnes  se  jndaires.  Cette 
equation  traduit  particulidrement  l'effet  des  courbures  engendrdes  par  1' evolution  du  blo- 
cage  parietal  associe  3  la  couche  visqueuse  au  niveau  de  l'ecoulement  sain  ;  en  outre  elle 
assure  une  conservation  du  debit  global  dans  un  plan  de  calcul.  Nous  ne  decrirons  pas  cette 
equation  ici,  mais  on  pourra  en  avoir  une  id6e  3  partlr  des  travaux  de  Leballeur  [13]. 


d)  Pour  appliquer  cette  methode  3  notre  cas  experimental,  nous  avons  utilise 
les  valeurs  experimentales  issues  du  plan  3  dans  le  repdre  absolu  (figure  2a,  2b) .  Les 
resultats  des  calculs  sont  portes  sur  les  figures  3  3  6  en  traits  continue.  Nous  consta- 
tons  en  general  un  accord  assez  satisfaisant,  en  particulier  en  aval  du  redresseur  (fi¬ 
gure  6)  . 


4.  CONCLUSION 


Les  resultats  experimentaux,  deer its  dans  ce  texte,  montrent  3  1' evidence 
qu'une  hypo these  de  type  couche  limite  n'est  pas  toujours  applicable  afin  de  modeilser 
dans  la  totalite  la  composante  vs  du  vecteur  Vitesse  secondaire  prSe  des  parols  d  un 
compresseur.  L'6cart  de  Vs  par  rapport  3  un  profil  de  type  couche  limite  est  associe  soit 
3  un  effet  de  changement  de  repSre  slmplement,  soit  3  l'effet  du  changement  de  repSre  sur 
les  composantes  de  la  vorticite  ns  et  S)N  du  repSre  precedent. 

Afin  de  permettre  une  description  plus  adequate  de  l'ecoulement  dans  une  ma¬ 
chine,  nous  avons  separe  la  composante  en  une  partie  dont  l'origine  est  associee  uni- 
I  quement  au  phenomena  visqueux  et  turbulent,  (Onv)  et  une  autre  (!)jjh)  ,  qui  traduit  plus 

I  specif iquement  l'influence  de  conditions  amont  au  travers  de  l'actlon  des  aubages.  Cette 

demarche  s'inscrit  cependant  dans  le  cadre  d'une  approche  de  type  couche  limite  puisque 
.i  nous  supposerons  que  les  ecoulements  sain  et  secondaire  inter-agissent  par  le  bials  d'une 

modification  de  la  forme  des  parols  sous  l'effet  du  deficit  de  masse  associe  3  l'ecoule¬ 
ment  visqueux.  Aussi  le  champ  de  pression  Ps  est  identifie  3  celui  cr66  par  l’ecoulement 
sain. 


...1 

_ -Si-  .. 
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Nous  avons  Agalement  donn6  deux  Equations  de  transport  de  la  vorticlte  et 
0S ,  qui  s'avArent  plus  gAn§rales  que  celles  utilis6es  habituellement  dans  ce  type  de 
mAthode.  Enfln,  la  coraparaison  des  rAsultats  du  oalcul  et  des  experiences  montre  en  gene¬ 
ral  un  accord  assez  satisfaisant  qui  pourra  sans  doute  Stre  am§lior6  grace  a  une  descrip¬ 
tion  plus  fine  du  phinomAne  turbulent. 
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DISCUSSION 


J.Chauvin,  Fr 

One  could  be  a  bit  surprised  to  note  that  the  zone  of  influence  on  angles  is  relatively  small  -  it  seems  confined  to 
the  thickness  of  boundary  layers.  Now  in  your  basic  calculation  for  the  through  flow,  have  you  used  correlations 
taking  into  account  the  effects  of  secondary  flow? 

Author’s  Reply 

No,  in  our  calculation  of  through  flow  we  only  take  into  account  the  effects  associated  with  the  viscous  flow.  The 
scales  on  my  plates  may  be  a  little  bit  misleading.  There  is  an  influence  of  the  secondary  phenomenon,  an  influence 
on  the  angle.  It’s  not  clearly  illustrated  here,  I  must  admit.  Nevertheless,  in  certain  cases  you  can  obtain  one  or  two 
degrees.  Generally  speaking,  we  have  observed  that  the  secondary  phenomena  go  up  to  possibly  25  to  30%  of  the 
vane  height. 
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ANNULUS  WALL  BOUNDARY  LAYER  DEVELOPMENT  IN  A  COMPRESSOR  STAGE, 
INCLUDING  THE  EFFECTS  OF  TIP  CLEARANCE  * 

B.  Lakshminarayana ,  K.  N.  S.  Murthy 
and 

M.  Pouagare,  and  T.  R.  Govindan, 

153  Hanmond  Building 
Department  of  Aerospace  Engineering 
The  Pennsylvania  State  University 
University  Park,  PA  16802  U.S.A. 


SUMMARY: 

-'^>The  end-wall  boundary  layer  development  in  a  compressor  stage,  including  the  inlet 
guide  vane  (IGV)  passage  and  the  rotor  passage,  was  measured.  -Th^tpeasurements  upstream 
of  the  rotor  and  inside  the  IGV  passage  were  carried  out  with  a  fiv^lhole  probe.  The 
data  (blade- to-blade)  inside  the  rotor  passage  were  measured  using  a  three-sensor  rotating 
hot-wire  below  the  tip  clearance  region  and  a  'V'  configuration  probe  inside  the  clear¬ 
ance  region.  <^The'-|ptor  exit  measurements  (blade- to-blade)  were  acquired  with  a  laser 
doppler  velocimeter.  TheP velocity  profiles  and  the  integral  properties  are  presented  and 
interpreted, -in— this  -  paper The  boundary  layer  is  comparatively  well  behaved  up  to  the 
leading  edge  of  the  rotor,  beyond  which  complex  interactions  result  in  very  unconventional 
profiles.  The  momentum  thicknesses  decrease  in  the  leakage  flow  region  of  the  rotor 
The  momentum  thicknesses  and  the  limiting  streamline  angles  predicted  from  a  momentum 
integral  technique  agree  well  with  the  data  up  to  the  leading  edge  of  the  rotor, 

LIST  OF  SYMBOLS 

Cj  axial  chord  of  the  IGV  blade  at  the  tip 

1  2 

C  wall  pressure  coefficient  (p  -  p A)/y  pV 

pW  £\  t  Xco 

CR  axial  chord  of  the  rotor  at  the  tip 

p  static  pressure 


annulus  wall  radius 
w 

’,  6,  x  radial,  tangential  and  axial  coordinates  (see  Fig.  3) 

blade  spacing 

,  n,  r  streamwise,  normal  and  radial  coordinates  (see  Fig.  3) 

tip  clearance  height 

'x,  Tg  axial  and  tangential  turbulent  intensities  normalized  by  the 

local  total  velocity  (relative  velocity  in  the  case  of  rotor) . 

’8,  V  streamwise  and  normal  component  of  absolute  velocities  (Fig.  3) 

normalized  by  the  free  stream  axial  velocity  at  the  IGV  Inlet 

rx,  V0  axial  and  tangential  absolute  velocities  normalized  by  the 

free  stream  axial  velocity  at  the  IGV  inlet 

rx>  W0  axial  and  relative  tangential  velocities  (see  Fig.  3)  normalized 

by  the  free  stream  axial  velocity  at  the  IGV  inlet 

distance  from  IGV  leading  edge  normalized  by  Cj 

R  distance  from  rotor  leading  edge  normalized  by  CR 

tangential  distance  measured  from  the  suction  surface  normalized 
by  the  blade  spacing  (r9/S,  6-0  on  the  suction  surface) 

w  limiting  (wall)  streamline  angle  of  the  absolute  flow 

8  *  ®n  *  ^  s  s f 

boundary  layer  integral  parameters  -  thickness  normalized  by 
tat  ®sn’  ^s  blade  span  (see  equations  1  to  3) 

boundary  layer  thickness  (distance  from  wall  to  the  location 
where  the  maximum  velocity  occurs)  normalized  by  rw-  see  Fig.  12a 

loading  coefficient 

B>is  is  the  revised  version  of  the  preprint.  Figs.  12,  13,  18  and  19  and  the  corres¬ 
ponding  text  have  been  revised. 
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v~,  v  tangential  and  axial  force  defect  thickness  (eqs .  4  and  5) 

normalized  by  the  blade  span 

p  density 

e 

Subscripts 
A,  max 
e 

1 

h,  t 

Superscript 

-  passage-averaged  values 


ambient  and  maximum  value 
edge  of  the  boundary  layer 

upstream  of  IGV  (free  stream)  and  leading  edge  of  the  rotor 
hub  and  tip 


INTRODUCTION 


The  boundary  layers  chat  develop  on  casing  and  hub  walls  of  compressor  stages  limit 
the  pressure  rise,  efficiency,  mechanical  reliability  and  mass  flow  through  the  stage. 

In  addition,  they  introduce  considerable  three-dimensionality  and  unsteadiness  in  the 
flow,  and  affect  the  stall  and  surge  characteristics  of  the  compressor.  They  have  also 
been  recognized  as  a  source  of  noise  in  recent  years .  Previous  attempts  to  analyze  this 
flow  were  based  on  simplified  flow  models  and  momentum  integral  techniques  (refs.  1-4) 
that  neglect  the  complex  interactions  in  the  end-wall  region  of  blade  rows.  The  compari¬ 
son  between  the  measured  and  the  predicted  annulus-wall  boundary  layer  (AWBL)  growth  are 
poor,  or  only  qualitative  in  nature  for  the  rotor  end-wall  boundary  layer,  but  are  quite 
good  for  the  stator  or  IGV  blade  rows.  The  methods  have  not  been  tested  for  the  AWBL 
inside  a  rotor  passage.  One  of  the  objectives  of  this  paper  is  to  provide  such  data  for 
the  validity  of  these  analyses  as  well  as  computer  codes  now  under  development. 

The  AWBL  that  develops  on  the  casing  of  a  turbomachinery  stage  (Including  through  the 
inlet  guide  vane,  rotor  and  stator)  is  three-dimensional  and  turbulent  in  nature.  Further¬ 
more,  the  complex  Interaction  of  the  tip  leakage  flow  and  the  blade  boundary  layer,  and 
its  transport  towards  the  blade  tip,  in  the  AWBL  near  the  rotor  end-wall  region  produces 
an  extremely  complex  flow  field  in  the  region.  This  region  of  the  AWBL  remains  largely 
unexplored  exnerimentallv,  it  is  beyond  the  scope  of  analytical  methods,  and  is  very 
difficult  for  computational  methods.  The  measurements  inside  the  rotor  are  complicated, 
since  the  measuring  probe  has  to  be  rotated  with  the  rotor.  The  measurement  technique 
for  the  clearance  region,  which  is  small,  is  also  complex  and  miniature  probes  combined 
with  elaborate  data  processing  procedures  have  to  be  employed  in  acquiring  the  data  in 
this  region.  There  is  no  data  available  at  present  for  the  AWBL  growth  inside  the  rotor 
blade  and  in  the  immediate  vicinity  of  the  trailing  edge  of  the  rotor  in  the  downstream 
region. 

A  comprehensive  program  was  started  at  The  Pennsylvania  State  University  to  acquire 
such  data  in  the  end-wall  region,  using  a  rotating  three-sensor  hot-wire  probe,  laser 
doppler  velocimeter,  a  five-hole  pitot  probe  and  a  stationary  "V"  type  hot-wire  sensor. 

Most  of  the  data  presented  in  this  paper  is  new,  but  some  of  the  earlier  data  (refs.  5-7) 
has  been  reprocessed,  replotted,  or  reinterpreted  to  provide  a  comprehensive  and  systematic 
presentation  of  the  AWBL  growth  in  a  compressor  stage.  A  tabulation  of  the  new  data  and 
the  earlier  data  used  in  this  paper  is  given  in  the  next  section. 

EXPERIMENTAL  FACILITY.  MEASUREMENT  TECHNIQUE  AND  PROGRAM 

The  AWBL  measurements  are  carried  out  in  a  single  stage  axial  flow  compressor  facility 
in  the  Department  of  Aerospace  Engineering,  The  Penn  State  University.  A  general  descrip¬ 
tion  of  the  compressor  stage  is  given  by  Smith  [8],  and  a  detailed  discussion  of  the 
facility  is  given  by  Lakshminarayana  [91.  Overall  performance,  radial  distributions  of 
flow  properties  at  various  axial  locations  of  the  stage  (upstream  and  downstream  of  IGV, 
rotor,  and  stator)  are  preaented  in  ref.  10.  Good  peak  efficiencies  are  exhibited  by  the 
rotor.  The  hub/annulus  wall  diameter  ratio  of  the  facility  is  0.5,  with  the  diameter  of 
the  annulus  wall  equal  to  0.9377  m.  The  inlet  guide  vane  row,  made  uo  of  43  blades,  is 
followed  by  the  21-bladed  rotor.  The  rotor  is  driven  by  a  37  kw  varlable-speeu  motor 
through  a  belt  and  pulley  system.  The  rotor  is  followed  by  a  stator  vane  row  of  25  blades. 
Downstream  of  the  stator  there  ie  an  axial  flow  fan  with  variable-blade  setting  for  control 
of  the  pressure  rise  and  mass  flow  of  the  facility.  A  schematic  of  the  measurement  loca¬ 
tions  is  shown  in  Fig.  1.  Operating  conditions  and  rotor  specifications  are  as  follows: 
inlet  velocity,  Yx-  of  29  m/s;  flow  coefficient  based  on  tip  speed  of  0.56;  stage  loading 
coefficient  based  on  tip  speed  of  0.4864;  rotor  speed  of  1066  rpm;  tip  clearance  between 
2  mm  at  the  leading  edge  to  1.5  an  at  the  trailing  edge.  Blade  element  data  at  the  tip 
of  the  rotor  are  NASA  65  series;  chord  of  15.41  cm;  spacing  of  14.12  cm;  maximum  thickness 
of  5.10  percent  of  the  chord;  stagger  angle  of  45.0  deg;  and  maximal  camber  height  of  8 
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percent  of  the  chord.  The  blade  element  details  of  the  IGV  and  rotor  are  given  in  Table 
V  of  ref.  10. 

The  inlet  guide  vane  has  NACA  65-010  circular  arc  blades,  with  the  following  tip 
section  specification;  camber  angle  of  42.9°,  stagger  angle  of  21°,  chord  of  10.91  cm; 
spacing  of  6.82  cm,  maximum  thickness  of  8.29  percent  of  the  chord,  the  inlet  flow  is 
axial . 

A  tabulation  of  the  measurement  stations,  the  technique  employed  in  the  various  regions 
and  the  type  of  data  acquired,  is  shown  in  Table  1. 

Table  1 


Measurement  Stations,  Techniques  and  Data  Sunmary 
(Ref.  to  Rig.  1) 


Data  Available 

Remarks 

Mean  or 

X/Cj 

Measurement 

Technique 

Blade  to  Blade 

Axisymmetric 

1 

Upstream  of  IGV 

s  2 

EH 

V  Y  V  v 

Y  V  V 

%  3 

0.52 

Five-Hole  Probe 

a  ,  C 

Si  4 

0.81 

Lpw 

w  pw 

%  5 

0.98 

(IGV  TE,  X/C=1.0) 

_±_ 

6 

1.14 

Downstream  of  IOT 

7 

1.25 

Y  V  V 

8 

1.44 

9 

2.00 

Five-Hole  Probe 

pw 

10 

2.312 

11 

2.625 

12 

2.752 

£~13 

3.250 

Rotating  Three-Sensor  Hot- 

Y  V  Y  Y  Y 

T  T  T 

V  V  r 

IE  of  tte  rotor. 

o 

a1* 

3.780 

Wire  Probe  Inside  the 

Passage.  In  the  clearance 

V  V  V  V 
s’  n’  Y  0 

X/C  -  3.25 

Data  in  refs.  6,  7 

3  15 

4.054 

region  "V"  type  of  hot-wire 

Reynolds  Stress 

11  &  12  reproces- 

O' 

«16 

4.3107 

prbbe. 

Blade  Static 

Pressure 

sed  to  derive  AWBL 
characteris  tics 

o 

R 

Rotor  IE,  X/C  - 

s 

4.323 

17 

IDV  Measurement  2.5  mn  away 

Hot-wire  Data  from 

18 

4.5105 

from  the  wall;  hot-wire 

Y  Y  Y 

V  ,  V  ,  ff  , 

refs.  7  6i  12  for 

measurements  very  close  to 

the  wall  region 

19 

5.0105 

the  wall 

Wx 

we 

20 

5.8230 

A  miniature  five-hole  probe  (1.65  mm  diameter),  described  in  refs.  5  and  10  was  used 
for  the  AWBL  measurement  upstream  of  IGV,  inside  the  IGV  passage,  and  upstream  of  the 
rotor.  A  rotating  three-sensor  hot-wire  probe  was  traversed  across  the  passage  of  the 
rotor,  at  radii  up  to  4  percent  of  the  blade  span  from  the  tip  at  the  following  radial 
locations;  R  -  0.976,  0.968,  0.954,  0.940,  0.914  and  0.886,  and  axial  stations;  Xg  •  0 
(leading  edge),  0.25,  0.5,  0.75,  and  0.979  (trailing  edge).  Details  of  the  measurement 
technique  and  data  are  given  in  ref.  6.  The  flow  in  the  rotor  tip  clearance  region  was 
measured,  up  to  about  1  mm  (half  way  into  the  clearance)  from  the  annulus  wall,  using  a 
"V"  type  hot-wire  sensor.  These  measurements  were  carried  out  from  6  to  11  radial  loca¬ 
tions  inside  the  tip  clearance  region;  at  Xg  -  -0.012,  0.003,  0.50,  0.75,  0.979,  inside 
the  rotor  passage;  and  at  Xg  -  1.055,  1.179,  1.44,  1.593,  1.731,  at  the  exit  of  the 
passage.  Details  of  the  measurement  technique  used  Inside  the  tip  clearance  region  and 
some  of  the  processed  data  are  given  in  refs.  7  and  12.  The  measurements  down-stream  of 
the  rotor  were  acquired  from  a  laser  doppler  velocimeter  (LDV)  at  Xg  -  1.058,  1.174,  1.640, 
2.397.  These  measurements  were  combined  with  the  measurements  close  to  the  wall  (ref.  7) 
to  provide  composite  profiles  of  velocity  at  the  exit. 

A  single  channel,  dual-beam  laser  anemometer  with  on-axis  backscatter  light  collection 
(TSI  Model  9100-6)  was  used  to  make  measurements  in  the  end-wall  region  behind  the  rotor 
blade.  The  system  operated  with  a  Lexel  4W  argon-ion  laser  tuned  for  the  green  line 
(514.5  tan) .  The  transmitting  optics  consisted  of  a  beamsplitter,  a  3.75X  beam  expander, 

It  should  be  noted  that  the  radii  in  ref.  6  is  normalized  by  the  radius  of  the  blade 
tip.  These  radii  correspond  to  R  ■  0.980,  0.973,  0.959,  0.945,  0.918,  and  0.819, 
respectively,  of  ref.  6. 
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and  a  152  mm  diameter  front  lens  with  a  focal  length  of  762  mm.  The  half-angle  of  the 
intersecting  beams  was  measured  to  be  3.12'  and  provided  a  probe  volume  diameter  of 
0.133  mm  and  a  probe  volume  length  of  2.50  mm,  based  on  the  l/e^  intensity  points.  The 
receiving  optics  consisted  of  the  152  nm  front  lens,  a  field-stop  unit,  and  a  receiving 
assembly  with  a  photomultiplier  tube.  The  entire  system  moved  on  a  three  axes  traverse 
table  which  also  had  facility  to  tilt  the  assembly  so  that  the  beams  are  projected 
radially  to  the  rotor.  A  counter  type  signal  processer  (TS1  Model  1995)  interfaced  with 
a  HP  2100S  computer  provided  an  on-line  data  processing  capability.  An  ensemble-averag¬ 
ing  technique  similar  to  that  described  by  Powell,  et  al .  [13]  was  used  to  average  the 
velocity  information.  The  flow  was  seeded  with  an  atomized  spray  of  mineral  oil,  and  was 
injected  into  the  flow  200  mm  upstream  of  the  rotor. 

END-WALL  SURFACE  MEASUREMENTS 


The  wall  static  pressure  and  the  limiting  (wall)  streamline  angles  were  measured  in 
the  end-wall  region.  The  former  has  a  major  influence  on  the  development  of  the  AWBL 
inside  the  IGV  and  the  rotor  blade  passages.  The  limiting  (wall)  streamline  angles  and 
its  deviation  from  the  freestream  flow  angle  denote  the  extent  of  three-dimensionality 
in  the  AWBL  profiles.  The  limiting  (wall)  streamline  angle  was  derived  by  the  ammonia 
streak  technique.  In  this  technique,  ammonia  gas  is  injected  into  the  boundary  layer- 
through  static  pressure  holes  in  the  casing,  and  a  trace  of  the  wall  flow  is  obtained  by 
the  reaction  of  the  ammonia  on  an  ozalid  paper  pasted  on  the  wall. 

The  limiting  (wall)  streamline  angle  (measured  from  the  axial  direction)  at  various 
axial  locations  is  shown  plotted  in  Fig.  2.  Inside  the  IGV  passages,  the  measured  angles 
at  mid-passage  were  chosen  and  are  compared  with  the  mean  blade  angle  distribution. 

Between  IGV  and  the  rotor,  the  angle  of  the  free  stream  is  assumed  to  be  the  same  as  the 
IGV  blade  outlet  angle.  For  most  locations,  the  maximum,  minimum  and  the  average  angles 
derived  from  the  ammonia  traces  are  shown.  The  deviation  of  the  flow  from  the  blade 
angle  is  considerable  (10  to  20')  inside  the  IGV  passage,  and  at  the  exit,  but  vanishes 
rapidly  downstream.  At  X  -  3,  the  differences  are  very  small. 

As  the  rotor  is  approached,  the  difference  between  the  absolute  flow  angle  (design  - 
in  the  absence  of  tip  clearance)  and  the  limiting  (wall)  streamline  angle  increase  con¬ 
siderably.  Inside  the  passage,  the  difference  between  these  two  angles  is  as  high  as  70'. 
Since  the  "fan  angle"  of  the  ammonia  traces  was  very  large  and  the  boundaries  of  the  fan 
were  faint,  only  the  mean  values  are  plotted  at  these  locations.  The  data  inside  the 
passage  should  be  interpreted  as  qualitative  in  nature.  The  boundary  layers  at  these 
locations  are  highly  three-dimensional,  unsteady  and  have  large  skew  angles.  The  mid¬ 
chord  location  inside  the  rotor  has  the  maximum  deviation  of  the  limiting  (wall)  stream¬ 
line  angle  from  the  absolute  flow  angle,  this  is  caused  by  the  leakage  flow.  At  X  *  4 
(which  is  at  0.75  rotor  chord  from  the  leading  edge)  and  X  •  4.3  (trailing  edge),  the 
deviations  are  still  large  (about  30'),  further  downstream  the  flow  near  the  wall  tends 
to  align  itself  with  the  flow  in  the  freestream  (to  within  10°),  indicating  that  the 
three-dimensionality  of  the  wall  boundary  layer  has  reduced  substantially,  beyond  about 
half-a-chord  downstream  of  the  rotor  trailing  edge. 

The  wall  static  pressure  distribution  is  also  shown  in  Fig.  2.  Inside  the  IGV 
passage,  the  wall  static  pressure  along  the  mean  streamline  (mid-passage)  is  shown. 

Inside  the  rotor  passage,  the  wall  static  pressures  plotted  are  the  average  values 
derived  from  measurements  using  the  static  pressure  tans  and  a  Validyne  pressure  trans¬ 
ducer.  The  wall  static  pressure  Inside  the  passage  should  be  viewed  as  qualitative,  as 
no  attempt  was  made  to  measure  it  using  a  high-frequency  response  probe.  The  streanwlse 
pressure  gradient  is  large  both  inside  the  IGV  passage  (favorable)  and  the  rotor  passage 
(adverse).  This  should  have  a  substantial  effect  on  the  boundary  layer  growth.  The  wall 
static  pressures  become  nearly  uniform  at  about  one- third  chord  length  downstream  of  the 
trailing  edge  of  the  rotor  and  the  IGV. 

ANNULUS  WALL  BOUNDARY  LAYER  DEVELOPMENT  INSIDE  AND  AT  THE  EXIT  OF  THE  ROTOR  PASSAGE 

The  AWBL  inside  the  blade  passages  is  non-axisynnetric  and  highly  complex,  and 
develops  under  streamwlse  and  crosswise  pressure  gradients.  The  qualitative  nature  of 
the  AWBL  inside  the  rotor  passage  is  shown  in  Fig.  3.  A  complex  profile  (Fig.  3) 
results  from  the  interaction  of  the  leakage  flow  with  the  AWBL.  The  profile  consists  of 
a  wall  layer,  leakage  jet  layer,  the  free  shear  layer,  and  the  lnvlscid  region.  The 
characterization  of  the  profile  is  extremely  difficult.  The  momentum  thickness  and  the 
displacement  thickness  is  based  on  the  edge  velocity  (such  as  A)  discerned  from  the  axial 
velocity  profile  derived  from  inviscid  flow  measurements. 

The  AWBL  developing  Inside  the  IGV  passage  is  presented  in  ref.  5  and  will  not  be 
repeated  here. 

AWBL  Velocity  Profiles 

The  AWBL  inside  the  rotor  passage  is  presented  at  five  axial  stations  inside  the  rotor 
(X»  -  0.0,  0.25,  0.5,  0.75  and  0.979)  and  at  five  tangential  locations  (Y  ■  0.05,  0.25, 
0.5,  0.75  and  0.95),  where  Y  is  the  tangential  distance  from  the  suction  surface  norma¬ 
lized  by  the  blade  spacing.  The  data  up  to  R  -  0.976  axe  from  a  three  sensor  rotating  hot 
wire  (refs.  6  and  11)  and  those  beyond  this  radius,  inside  the  tip  clearance  region,  are 
from  a  stationary  "V"  configuration  hot-wire  sensor  (refs .  7  and  12) .  The  velocity 
profiles  are  presented  in  a  boundary  layer  coordinate  system  (s,  n,  r)  for  the  absolute 
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velocity  and  in  the  cylindrical  coordinate  system  (r,  9,  x)  for  the  relative  velocity. 

This  enables  a  better  understanding  and  interpretation  of  the  AWBL  growth  through  the 
rotor.  In  the  s-n-r  system  (absolute  flow),  the  "s"  direction  is  aligned  with  the 
absolute  freestream,  away  from  the  wall  and  blades,  at  R  -  0.886.  It  should  be  noted 
that  this  is  an  arbitrary  choice  and  does  not  imply  that  the  boundary  layer  edge  (which 
is  very  difficult  to  discern  in  view  of  the  radially  varying  inviscid  flow)  is  at 
R  -  0.886.  There  is  no  "freestream"  in  the  conventional  sense  (Fig.  3).  The  coordinate 
n  is  normal  to  s,  and  r  is  in  the  radial  direction.  The  nature  of  streamlines,  both 
relative  and  absolute,  in  the  freestream  as  well  as  inside  the  AWBL  in  the  blade  clear¬ 
ance  region  is  shown  in  Fig.  3.  All  velocity  components  are  normalized  by  the  axial 
velocity  at  the  inlet  to  the  guide  vane  (V  ) ,  of  29.68  m/sec. 

As  mentioned  earlier,  the  measurements  of  the  rotor  exit  flow  were  carried  out  with 
an  LDV  (with  ensemble- averaging  procedure  to  derive  the  blade- to-blade  flow  properties) 
up  to  the  wall  region  (^2.5  mm),  beyond  which  the  measurement  was  carried  out  with  a  "V" 
configuration  hot-wire  probe  traversed  from  the  wall.  The  data  was  taken  at  Xg  •  1.058, 
1.174,  1.640  and  2.397.  The  blade  location  was  identified  from  the  rotor  wake  profile. 

The  streamwise  (V8) ,  axial  (Wx) ,  and  relative  tangential  (We)  velocity  profile  at 
various  tangential  locations  and  chordwise  locations,  Xg  =  0.0,  0.25,  0.5,  0.75,  0.979, 
inside  the  passage  are  shown  in  Figs.  4,  5,  6,  7,  and  8,  respectively.  At  the  leading 
edge  location  (Xg  =  0),  the  profiles  at  all  tangential  stations  inside  the  blade  passage 
are  almost  identical.  A  small  discontinuity  exists  in  the  V8  and  Wx  profiles  between  the 
last  point  inside  the  tip  clearance  (R  -  0.995)  and  the  first  point  inside  the  passage 
(R  =■  0.976).  This  is  because  the  fluid  in  the  tip  clearance  region  is  not  subjected  to 
the  same  blade  force  as  the  fluid  inside  the  passage.  The  magnitude  of  the  normal 
velocity  Vp  (not  shown)  is  found  to  be  high  in  the  annulus  wall  region,  indicating  three- 
dimensionality  6f  the  AWBL. 

At  the  axial  location  Xg  =  0.25  (Fig.  5),  the  measurements  inside  the  tip  clearance 
are  not  available.  At  this  location,  the  AWBL  growth  differs  in  the  tangential  direction, 
with  maximum  growth  occuring  near  the  suction  surface.  The  presence  of  a  "wall  jet"  type 
of  profile,  with  peak  values  close  to  the  wall  and  higher  than  that  in  the  freestream, 
appears  at  Y  -  0.75  and  0.95  in  the  V8  and  Wx  profiles.  This  is  caused  by  the  "leakage 
jet"  originating  from  the  pressure  side  and  has  the  same  effect  as  that  of  "blowing"  by 
a  wall  jet.  The  interaction  between  this  leakage  jet  and  the  AWBL  produces  the  effect 
mentioned.  The  peaks  in  the  V8  and  Wx  profiles  noticed  at  Xg  -  0.25  near  R  -  0.976  at 
Y  -  0.75  and  0.95  have  increased  and  the  effect  has  spread  to  most  of  the  tangential 
locations  at  Xg  -  0.5  (Fig.  6).  As  indicated  in  refs.  6  and  7,  maximum  leakage  flow  occurs 
in  the  mid-chord  region.  This  effect  is  clearly  seen  at  these  locations.  The  normal 
velocities  (Vn)  are  found  to  be  high  in  this  region.  There  is  also  considerable  varia¬ 
tion  in  Vn  in  the  radial  direction,  resulting  in  large  gradients  of  the  normal  velocity 
(3Vn/dr)  in  the  end-wall  region.  Data  on  the  passage- averaged  values  of  Vn  are  given  in 
a  later  section. 

The  velocity  profiles  (V8  and  Wx)  are  very  unconventional  inside  the  rotor  passage, 
and  it  is  clear  that  none  of  the  assumptions  (for  profiles  of  crossflow  and  main  flow 
components  of  velocity)  made  in  most  AWBL  analysis  are  valid  in  this  region.  No 
appreciable  growth  in  the  boundary  layer  is  observed  between  Xr  =  0.25  and  0.5;  but  the 
AWBL  is  highly  three-dimensional,  with  unconventional  velocity  profiles,  and  with  sub¬ 
stantial  variation  along  the  blade  tangential  direction.  This  seems  to  indicate  that  the 
analyses  based  on  passage- averaged  values  or  conventional  velocity  profiles  are  not  valid 
in  the  prediction  of  rotor  AWBL  growth.  The  axial  (Wx)  velocity  profile  is  similar  to 
the  V8  profiles,  but  the  Wo  profiles  show  very  sharp  gradients  near  the  wall.  The  AWBL 
velocity  profiles  at  Xg  -  0.75  are  shown  in  Fig.  7.  The  AWBL  has  grown  from  Xg  -  0.5  to 
Xg  “  0.75.  The  severe  velocity  gradients  (Vg,  Wx)  in  the  radial  direction  observed  near 
the  tip  (R  -  0.976)  at  Xg  •  0.5  have  now  spread  over  a  larger  radial  extent.  This  indi¬ 
cates  that  the  leakage  flow  (and  the  jet)  has  now  spread  over  a  larger  spanwise  height. 

The  peaks  in  the  velocity  profile  have  also  moved  downward  along  the  blade  span,  and  are 
present  over  the  entire  passage.  The  normal  velocities  (Vn)  are  found  to  be  highest  near 
the  suction  surface  at  this  axial  location,  dropping  to  almost  zero  values  as  the  pressure 
surface  is  approached.  This  would  Indicate  that  the  effect  observed  may  not  have  been 
caused  entirely  by  the  leakage  flow  at  Xg  -  0.75,  but  by  the  leakage  flow  occuring  up¬ 
stream  as  well.  The  relative  velocity  vector  over  the  blade  tip  is  inclined  to  the  chord- 
wise  direction  as  shown  in  Fig.  3.  Hence  the  leakage  jet  originating,  for  example,  at 
Xg  -  0.5  on  the  pressure  surface  will  produce  its  effect  further  downstream  on  the 
suction  side. 

The  velocity  profiles  at  XR  -  0.979  (Fig.  8),  near  the  trailing  edge,  show  extremely 
complex  profiles,  never  observed  or  measured  before.  At  this  location,  the  interaction 
of  the  leakage  flow  with  the  AWBL  and  the  transport  of  the  blade  boundary  layer  to  AWBL 
regions  results  in  an  extremely  complicated  profile  and  that  is  very  difficult  to  interpret. 
The  boundary  layer  growth  is  not  substantial. 

At  all  axial  locations  inside  the  rotor  passage,  the  behavior  of  V8  and  Wx  profiles 
is  similar;  the  only  difference  is  that  the  gradients  and  defect  in  Vg  near  the  wall  are 
somewhat  greater  than  those  observed  in  the  Wx  profile.  This  can  be  explained  on  the 
basis  that  the  mamitude  of  Vs  includes  a  part  of  the  absolute  tangential  velocity  (Vg) 
which  has  a  much  higher  defect  near  the  wall,  as  revealed  by  the  Wg  profiles  plotted. 

The  relative  tangential  velocity  profiles  near  the  leading  edge  locations,  Xg  «  0 
(Fig.  4),  Xg  «  0.25  (Fig.  5),  have  the  conventional  shape,  with  the  velocity  near  the 


wall  approaching  the  rotational  speed  of  the  rotor.  Beyond  Xr  -  0.25  (Figs.  6-8)  the 
profiles  are  distorted,  especially  near  the  pressure  side.  At  Xr  •  0.5  (Fig.  6)  and  at 
the  location  nearest  to  the  pressure  side  (Y  •  0.95),  the  flow  is  significantly  over¬ 
turned  at  R  Iv  0.976  (inside  the  blade  passage).  The  flow  in  the  clearance  region  is 
undertumed  substantially.  The  flow  underturning  is  caused  by  the  leakage  flow.  The 
presence  of  overturning  indicates  that  other  phenomena  influence  the  flow  inside  the 
passage.  One  possible  explanation  of  the  overturning  at  R  -  0.976  is  that  the  tip 
leakage  flow  (jet)  has  descended  into  the  passage  and  started  to  roll.  Another  possible 
reason  for  the  overturning  is  the  presence  of  secondary  flow. 

The  velocity  profiles  at  Xr  “  1.058  and  1.640  are  shown  in  Figs.  9  and  10,  respectively. 
It  is  clear  from  Fig.  9  that  the  boundary  layer  is  still  asymmetric,  with  substantial 
blade- to-blade  variation  at  Xr  *  1.058.  Comparing  the  profiles  of  Vs  at  Xr  -  0.979 
(Fig.  8)  and  at  Xr  -  1.058,  it  is  evident  that  the  boundary  layer  has  a  much  smoother 
profile  at  X_  -  1.058.  The  leakage  jet,  which  had  substantial  effect  up  to  Xr  =  0.979, 
seems  to  have  diffused  and  moved  away  from  the  tip.  A  distinct  freestream  can  now  be 
recognized  at  Xr  -  1.058.  The  normal  (Vn)  velocity  is  found  to  have  decreased  substan- 
ially  and  is  confined  to  a  small  region  between  R  =  1.0  and  0.96.  The  velocity  profiles 
at  Xr  «  1.179  and  1.640  are  similar,  hence  only  the  data  at  the  latter  station  are 
presented.  The  effect  of  leakage  flow  in  the  region  R  -  0.975  still  persists  at  this 
location,  but  the  boundary  layer  does  not  grow  very  rapidly.  The  crossflows  are  also 
found  to  be  substantial  in  this  region.  The  boundary  layer  profiles  still  vary  across 
the  passage,  but  the  differences  are  small.  The  data  at  Xr  •  2.397  indicate  that  the 
profiles  are  identical  at  all  passage  locations.  The  flow  has  become  axisymmetric  at 
this  location.  In  view  of  this  fact,  only  the  average  data  are  relevant  and  these  are 
presented  in  the  next  section. 

Vectorial  Plot  of  Velocity 

The  absolute  and  relative  velocity  vectors  at  three  typical  locations  inside  the  AWBL 
(R  -  0.968,  0.976,  0.997,  the  last  station  being  inside  the  clearance  region)  are  shown 
in  Fig.  11.  At  the  leading  edge  (Xo  =  0),  the  flow  is  collateral  and  the  boundary  layer 
is  nearly  two  dimensional.  As  the  flow  proceeds  downstream,  its  three-dimensionality 
increases.  At  all  axial  locations,  the  flow  angle  deviation  between  R  =  0.970  and  0.976 
is  not  large,  but  the  absolute  velocity  vectors  show  substantial  deviation  in  the 
clearance  region,  especially  near  the  pressure  surface.  The  absolute  flow  angles 
decrease  dramatically  (the  flow  is  undertumed)  in  the  clearance  region.  The  relative 
velocity  vectors  are  closer  to  the  tangential  direction,  also  indicating  the  undertuming 
of  the  flow.  Inside  the  passage  at  Xr  “  0.75  and  0.979,  the  flow  is  overturned  at 
R  -  0.976  (compared  to  that  at  R  -  0.970  This  effect  is  more  prounounced  near  the 
suction  side.  This  may  be  caused  by  the  secondary  flow,  by  the  roll  up  of  the  leakage 
jet,  or  by  the  formation  of  a  leakage  vortex.  The  skewness  of  the  AWBL  decreases 
drastically  as  the  flow  leaves  the  trailing  edge.  Such  drastic  changes  in  the  flow 
angles  between  R  «  0.976  and  0.997  make  the  analysis  of  this  flow  and  prediction  of 
the  AWBL  in  the  rotor  passage  extremely  complicated. 

Integral  Properties  (Blade- to-Blade  Variation) 

The  integral  properties  of  the  annulus  wall  boundary  layer  at  all  the  axial  locations 
Inside  and  at  the  exit  of  the  rotor  passage  and  at  nine  tangential  locations  (y  *  0.05, 

0.15,  0.25,  0.375,  0.5,  0.625,  0.75,  0.85,  0.95)  have  been  calculated.  The  method  used 
is  illustrated  in  Fig.  12a.  The  inviscid  velocity  derived  from  the  five-hole  probe 
(Ref.  13)  and  the  AWBL  profile  derived  from  the  present  measurement  are  shown  plotted 
together  in  Fig.  12a.  There  is  an  overlapping  region  between  the  two  measurements. 

These  composite  profiles  are  used  to  locate  the  edge  of  the  boundary  layer  for  integra¬ 
tion  purposes.  At  Xr  -  0  and  0.5  it  is  clear  that  the  edge  is  located  at  E.  At  other 
locations,  (Xd  -  0,75  &  0.979),  distinction  is  not  clear  as  the  two  profiles  did  not 
match  well.  Hence  the  edge  was  taken  to  be  that  obtained  from  the  inviscid  flow 
measurements  (shown  as  E) .  For  conventional  boundary  layers  (outside  the  blade  rows) 
the  integration  is  carried  out  to  the  location  where  the  velocity  reaches  997.  of  the 
free-stream  value  (Fig.  3) . 


The  integral  properties  are  defined  as  follows 


All  the  thicknesses  are  normalised  by  the  blade  span. 


The  blade- to-blade  variation  of  in  at  various  axial  locations  Is  shown  in  Fig.  12b. 
As  the  flow  proceeds  from  Xr  »  0.0  to  Xr  »  0.5,  6—  diminishes  near  the  pressure  side  of 
the  blade  surface  and  increases  at  all  other  locations’,  with  a  large  increase  occuring 
near  the  mid-passage.  The  decrease  of  in  near  the  pressure  surface  is  due  to  the  tip 
leakage,  which  has  a  "blowing"  effect  on  the  wall  botmdary  layer  previously  mentioned. 

As  the  flow  proceeds  towards  the  three-quarter  chord  point  (Xr  -  0.73),  9xx  decreases 


21-7 


from  the  mid-passage  to  the  pressure  surfaces,  a  beneficial  effect  caused  by  the  leakage 
flow.  As  the  flow  proceeds  towards  the  trailing  edge,  the  momentum  thickness  reaches  a 
negative  value  very  near  the  oressure  surface  (caused  by  the  leakage  flow) ,  while  there 
is  a  general  increase  in  9xx  at  all  other  locations.  It  is  interesting  to  note  that  9XX 
increases  near  the  mid-passage  from  Xr  =  0  to  0.5,  and  decreases  from  Xr  *  0.5  to  0.75. 
This  again  may  have  been  caused  by  the  leakage  jet,  which  moves  towards  the  center  of 
the  passage  due  to  the  blade  motion.  This  high  velocity  jet  would  presumably  mix  out  in 
the  blade  passage  beyond  Xr  -  0.75,  giving  rise  to  an  increase  in  03m  at  most  of  the 
passage  locations. 

The  blade-to-blade  distribution  of  63m  downstream  of  the  trailing  edge  is  also 
shown  in  Fig.  12b.  Appreciable  decrease  in  the  value  of  63^  is  observed  in  the 
immediate  vicinity  of  the  trailing  edge,  as  the  flow  leaves  the  passage.  Beyond  the 
trailing  edge,  the  blade-to-blade  distribution  becomes  more  uniform  with  a 
general  increase  in  the  magnitude  of  630c  at  the  far  downstream  station. 


The  axial  and  tangential  force  defects  are  derived  from  the  passage-averaged  velocity 
profiles.  The  tangential  force  defect  is  defined  as, 
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The  axial  force  defect  is  defined  as  (ref.  15), 

ux  -  P%  [Vxexx  -  Vx9xxl  +  <\  -  *xl>Vx], 
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In  the  derivation  of  \>t  and  vx',  value  of  6  was  derived  as  illustrated  in  Fig.  12a.  The 
subscript  1  denotes  inlet  local  values  (Xr  -  0) ,  e  denotes  the  local  value  at  the  edge 
of  the  AWBL  and  le  the  value  at  the  rotor  inlet  at  the  edge  of  the  AWBL .  The  tangential 
force  defect  thickness  is  normalized  by  the  blade  span,  as  in  all  other  thickness 
distributions.  The  axial  variation  of  vj  and  vx  is  given  in  Fig.  13.  The  value  of  vx 
increases  from  the  leading  edge  to  X  -  0.75.  This  is  caused  by  the  overall  increase  in 
the  AWBL  growth  inside  the  passage.  From  Xr  -  0.75  to  0.979,  vj  decreases  slightly,  this 
may  have  been  caused  by  the  leakage  which  has  a  tendency  to  decrease  the  growth  of  the 
AWBL  through  the  "blowing"  effect.  The  value  of  vj  remains  nearly  constant  beyond  the 
blade  trailing  edge.  Downstream  values  of  v^  (**0.u2)  are  shown  plotted  in  Fig.  13  and 
compared  with  the  earlier  data  due  to  Smith  [16]  and  Hunter  [15].  The  authors'  data 
agree  well  with  the  earlier  data  taken  downstream  of  single  stage  and  multi-stage 
compressors . 


The  axial  force  defect  thickness,  vx,  shown  plotted  in  Fig.  13,  indicates  that  it 
increases  from  z  -  0.5  to  z  -  0.979  and  then  decreases  to  almost  zero  value  at  the 
trailing  edge. 


Turbulence  Intensities 


The  hub-to-tip  variation  of  the  turbulence  intensities  upstream  of  the  IGV  and  up¬ 
stream  of  the  rotor  (Xr  -  -0.35)  is  shown  in  Fig.  14.  Upstream  of  the  IGV  the  turbulence 
is  found  to  be  nearly  isotropic  and  hence,  only  a  plot  of  T3.  is  shown,  its  value  is 
approximately  17.  in  the  freestream.  Upstream  of  the  rotor  (Xr  *  -0.35),  the  freestream 
values  of  Tx  and  Te  are  still  close  to  IK  but  in  the  endwall  regions,  a  large  increase  in 
Tx  and  T0  can  be  seen. 

The  turbulence  intensities,  Tx  and  Te ,  inside  the  rotor  at  mid-passage  location 
(Y  -  0.5)  are  shown  in  Fig.  15.  St  Xr  -  0.0,  Tx  and  Te  values  are  approximately  3  to  4K 
at  the  lowest  radius,  R  -  0.866.  A  significant  Increase  in  free-stream  turbulence  occurs 
when  the  flow  enters  the  rotor  passage.  The  maximum  value  of  Tx  has  increased  appreciably 
from  its  value  upstream,  while  the  Increase  in  the  maximum  values  of  Te  (near  the  annulus 
wall)  is  dramatic.  This  is  mostly  caused  by  the  blade  scraping  effect.  At  the  mid-chord 
location  (Xr  ■  0.5),  the  maximum  value  of  Tx  and  Te  have  more  than  doubled  from  their 
value  at  the  leading  edge.  There  is  a  substantial  increase  in  the  Intensities  away  from 
the  blade  tip  (inside  the  passage),  with  significant  increase  in  the  Te  value.  Beyond 
the  mid-chord  location  (Xr  ■  0.75,  0.979),  both  Intensities  decrease  in  the  AWBL  region. 
This  may  have  been  caused  by  the  diffusion  of  the  leakage  jet.  The  turbulence  level 
Increases  again  as  the  flow  proceeds  from  Xr  -  0.979  to  Xr  «  1.058.  This  is  caused  by 
the  intense  mixing  of  the  various  flows  and  the  diffusion  of  the  wake  in  this  region. 


214 


ANNULUS  WALL  BOUNDARY  LAYER  DEVELOPMENT  IN  THE  STAGE 

The  AWBL  development  In  the  entire  stage,  starting  from  upstream  of  IGV  to  downstream 
of  the  rotor  is  presented  in  this  section.  The  absolute  system  (s,n)  is  chosen  to  present 
this  data.  The  data  inside  the  blade  passages  (IGV  and  rotor)  and  inmediately  downstream 
of  the  blade  trailing  edges  are  passage-averaged  values.  The  streamwise  velocity  (7S) 
profile  is  shown  in  Fig.  16,  from  stations  1  through  20  whose  locations  are  tabulated  in 
Table  1.  The  AWBL  development  is  rapid  and  profiles  are  well-behaved  up  to  the  IGV 
trailing  edge  (station  5),  beyond  which  the  growth  rate  decreases.  As  the  rotor  is 
approached  (station  13),  dramatic  changes  in  the  AWBL  occur.  The  shear  layer  in  the 
outer  region  remains  unchanged,  but  the  flow  in  the  tip  region  undergoes  a  large  change 
due  to  the  scraping  effect  of  the  blade.  The  inner  region  is  modified  by  this  scraping 
effect.  The  effect  of  the  leakage  flow  is  evident  from  the  dip  in  velocity  profiles  at 
stations  15  (Xg  *  0.75)  and  16  (Xb  «  0.979).  The  transition  into  a  well-behaved  turbulent 
boundary  layer  occurs  at  station  19  and  beyond.  Comparing  the  velocity  profile  at  inlet 
(station  12)  with  those  at  the  exit  (station  20),  it  becomes  clear  that  the  leakage  flow 
effects  are  just  as  important  as  those  due  to  the  pressure  gradient  in  the  AWBL  growth 
and  shear  gradients  in  the  outer  layer. 

The  normal  velocity  profiles  inside  the  AWBL  at  various  axial  locations  are  shown 
in  Fig.  17.  It  should  be  noted  here  that  the  choice  of  the  location  where  Vn  is  zero  is 
arbitrary  and  is  located  at  R  -  0.886.  The  distribution  shows  some  unusual  features. 

The  normal  velocity  at  station  1  (upstream  of  IGV)  is  zero  everywhere  indicating  that  the 
boundary  layer  is  two-dimensional.  The  three-dimensionality  in  the  AWBL  increases  as 
the  flow  goes  through  IGV,  the  normal  velocity  reaching  very  high  values  near  the  exit 
of  the  IGV.  Beyond  this  station,  the  normal  velocity  profiles  remain  nearly  unchanged 
till  the  rotor  leading  edge,  even  though  the  deviation  between  o_  and  a„  decreases 
between  the  IGV  exit  and  the  rotor  leading  edge  (Fig.  2).  The  plot  in  Fig.  2  does  not 
allow  for  the  variation  in  the  value  of  ae  between  IGV  and  rotor  blade  row.  This  seems 
to  indicate  that  the  three  dimensionality  in  the  AWBL  is  either  frozen  or  decreases. 

The  negative  values  of  Vn  (Fig. 17)  indicate  that  the  flow  inside  the  AWBL  is  turned  more 
than  the  freestream,  commonly  referred  to  as  "overturning."  Near  the  rotor  (station  12), 
the  boundary  layer  still  retains  its  three-dimensional  character. 

The  boundary  layer  becomes  highly  three  dimensional  as  the  flow  enters  the 
rotor  (station  13).  The  overturning  at  the  rotor  leading  edge  is  large  away  from  the 
wall,  but  is  reduced  considerably  as  the  wall  is  approached.  The  overturning  is  due  to 
the  secondary  flow,  but  the  large  reduction  in  Vn  near  the  tip  is  brought  about  by  the 
leakage  flow.  Inside  the  passage  (stations  14  and  15),  overturning  (or  negative  values 
of  Vn)  is  observed  for  R  <  0.98,  but  near  the  wall  the  normal  velocity  reverses  its 
direction,  resulting  in  an  underturning .  This  is  caused  by  the  leakage  flow.  Large 
dvertuming  away  from  the  tip  can  be  attributed  to  the  inviscid  effects  (design)  and  the 
secondary  flow.  It  may  also  be  caused  by  the  roll  up  of  the  leakage  jet,  and  its  move¬ 
ment  towards  the  suction  surface  as  explained  in  ref.  6.  The  magnitude  of  the  crossflow 
decreases  as  the  flow  proceeds  downstream  of  the  rotor  (stations  17  and  18) ,  and  the 
flow  is  overturned  at  all  locations.  Immediately  downstream  of  the  rotor  (between 
stations  17  and  18),  the  flow  tends  to  become  more  three-dimensional,  and  this  is  caused 
by  the  mixing  of  the  rotor  wake  leakage  flow  and  the  radial  transport  of  the  blade 
boundary  layer.  The  three-dimensionality  decreases  again  as  the  flow  progresses  down¬ 
stream. 

Integral  Properties  (Passage-Averaged  Values) 

The  integral  properties  of  the  boundary  layer  were  computed  from  expressions  similar 
to  eqs .  (1  -  3,  6  and  7),  but  the  velocities  used  were  the  pas sage- averaged  values  given 
by:  i. 

7i  ■  l  V7- 

o 

The  integration  of  eqs.  (1  -  3,  6  and  7)  is  carried  up  to  the  edge  of  the  AWBL.  The 
procedure  used  in  locating  the  edge  of  the  AWBL  has  been  described  earlier  and  is 
illustrated  in  Fig.  12a.  The  boundary  layer  thickness  is  derived  from  the  axial  velocity 
profile  and  is  used  for  computing  8^,  i%. 

The  boundary  layer  growth  for  the  most  part  of  the  IGV  passage  is  gradual  (Fig.  18). 
There  is  a  decrease  in  their  values  downstream  of  the  IGV  trailing  edge.  Downstream  of 
the  IGV,  the  boundary  layer  growth  is  small  up  to  X  -  2.8.  The  sudden  increase  in  the 
values  of  9—  near  the  leading  edge  of  the  rotor  is  probably  caused  by  the  scraping 
effects  of  tne  blade.  The  values  of  and  Tx  Increase  as  the  flow  progresses  through 
the  rotor  up  to  mid-chord,  then  decrease  from  Xr  “  0.5  to  0.75.  There  is  a  drastic 
decrease  in  their  values  near  the  blade  trailing  edge.  This  may  be  attributed  to  the 
presence  of ' leakage  flow  and  its  "blowing"  effect  in  reducing  the  growth  of  the  AWBL.  The 
values  of  9ra  and  Tx  remain  nearly  constant  downstream  of  the  rotor. 

The  AWBL  data  from  a  multi-stage  ompress'’  (ref.  16)  and  a  single-stage  compressor 
(ref.  15)  are  shown  plotted  with  the  ;  ***«re'  ata  on  Fig.  18.  The  authors7  data  is 
much  lower  than  the  multi-stage  compressor  wn^ch  is  as  expected.  But  Hunter  [15]  has 
measured  larger  boundary  layer  growth  th  -  the  authors,  this  is  caused  by  the  larger 
displacement  thickness  coming  into  Huiter's  rotor  due  to  longer  than  usual  inlet  in  his 
facility.  The  values  of  ?x  at  the  rotor  entry  of  ref.  15  for  thin  boundary  layer  and  at 
t/c  “  1.9%  is  about  5  mm  compared  to  a  corresponding  value  of  2.30  mm  in  the  authors' 
facility. 
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PREDICTION  OF  THE  AWBL  GROWTH 


A  momentum  integral  technique  developed  to  predict  the  growth  of  the  three-dimensional 
boundary  layer  on  rotor  blades  [17]  was  modified  to  predict  the  growth  of  the  AWBL  from 
the  inlet  of  the  guide  vane  to  the  inlet  of  the  rotor.  The  crossflow  direction  (n) ,  in 
this  case,  was  taken  to  be  normal  to  the  absolute  frees tream  as  shown  in  Fig.  3.  In  the 
case  of  the  rotor  boundary  layer,  for  which  the  technique  was  originally  developed,  the 
crossflow  direction  was  radial.  The  geometry  of  the  IGV  section  was  approximated  by 
circular-arc  camber  lines  for  the  guide  vane,  and  a  trailing  straight  section  was  used 
between  the  guide  vane  and  the  rotor  inlet.  Appropriate  curvature  terms  were  used  in 
the  momentum- integral  eauations.  The  measured  wall  pressure  distribution  (Fig.  2)  was 
input  to  the  calculation  procedure.  The  computation  was  started  with  the  measured 
value  of  the  momentum  thickness  (Fig.  18)  and  a  shape  factor  of  1.286.  The  predicted 
values  of  the  momentum  thickness  are  compared  with  the  measured  data  in  Fig.  19.  The 
growth  of  the  boundary  layer  is  predicted  reasonably  well  within  the  guide  vane.  The 
rapid  growth  of  the  boundary  layer  in  the  region  of  the  trailing  edge  of  the  guide  vane 
is  not  captured.  The  predictions  of  the  growth  of  the  boundary  layer  upstream  of  the 
leading  edge  of  the  rotor  are  satisfactory.  The  predictions  are  poor  beyond  the  leading 
edge  of  the  rotor.  A  more  detailed  definition  of  the  pressure  field  in  these  regions  and 
modelling  of  the  blade  scraping  effect  and  leakage  flow  would  be  required.  The  predic¬ 
tions  of  the  deviation  (e)  between  the  limiting  (wall)  streamline  angle  (a,,)  and  the 
freestream  angle  (ae)  for  the  absolute  flow,  is  compared  with  the  measured  data  in  Fig. 

20.  While  the  overall  magnitudes  of  c  are  predicted,  the  distribution  is  not.  This 
is  most  probably  due  to  approximating  the  guide  vane  shape  by  circular  arcs.  In  this 
case,  the  maximum  crossflow  would  be  expected,  and  is  predicted,  at  the  trailing  edge 
of  the  blade. 

It  is  beyond  the  capability  of  most  analysis  (refs.  1-4)  and  the  authors'  technique 
to  predict  the  AWBL  growth  in  a  rotor  as  the  flow  field  associated  with  blade  motion  and 
leakage  flow  is  extremely  complex. 


CONCLUDING  REMARKS 


It  is  evident  from  the  data  presented  in  this  paper  that  the  annulus  wall  boundary 
layer  growth  inside  a  rotor  passage  is  complex,  modified  greatly  by  the  leakage  flow  and 
the  pressure  gradient.  The  growth  of  the  AWBL,  as  well  as  its  velocity  profiles  are  very 
unconventional  with  considerable  three-dimensionality  and  skewness  in  the  profile.  Any 
attempt  to  model  this  flow  as  a  simple  superposition  of  leakage  flow  over  the  AWBL 
would  be  inadequate  to  capture  all  of  the  AWBL  characteristics.  The  perturbations  caused 
by  the  rotor,  both  mechanical  (scraping)  and  aerodynamic,  are  highly  complex  and  affect 
the  growth  of  the  AWBL  substantially.  The  boundary  layer  profiles  inside  the  rotor  have  the 
features  of  "wall  layer,"  "wall  jet,"  and  "wake."  A  fresh  approach  is  needed  to  adequately 
describe  and  analyze  this  flow.  The  momentum  integral  technique  developed  by  the  authors 
provides  good  predictions  inside  the  IGV  passage  and  up  to  the  rotor  leading  edge,  beyond 
which  the  deviations  are  large  and  the  technique  fails . 

T.  ooundary  layer  inside  the  passage  is  highly  asymmetric  with  substantial  variation 
in  the  blade- to-blade  direction.  The  AWBL  in  between  the  blade  rows  tends  towards  two- 
dimensional,  axisymmetric  boundary  layers. 
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Fig.  7.  Profiles  of  Vs,  Wx,  Wg  ,  Inside 
the  Rotor  Passage  at  XR  =  0.75 


Fig.  8.  Profiles  of  V3,  Wx,  Wg  Inside 

the  Rotor  Passage  at  XR  =  0.979 
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Fig.  9.  Profiles  of  Vg,  Wx,  Wg  at  the 
Exit  of  the  Rotor  Passage  at 
XR  -  1.058 


Fig.  10.  Profiles  of  V_,  Wx,  Wg  at 

the  Exit  of  the  Rotor  Passage 
at  XR  -  1.640 
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Fig.  12b.  Blade- to-Blade  Distribution  of 
Momentum  Thickness,  0xx  Inside 
the  Blade  Passage  and  at  the 
Exit  of  the  Blade  Passage 
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Fig.  13.  Variation  of  the  Force  Defect  Thick¬ 
nesses  (v,j,  vx) 


Fig.  14.  Axial  and  Tangential  Turbu¬ 
lence  Intensity  Profiles 
Upstream  of  IGV  and  at 
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Fig.  15.  Axial  and  Tangential  Turbulence  Intensity 
Profiles  at  Mid-Passage  and  at  Different 
Axial  Locations  Inside  the  Rotor 
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Fig.  16.  AWBL  Development  in  the  Compressor  Stage,  Vg  Profile 
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Fig.  18.  Axial  Variation  of  the  Passage-Averaged  e98-ys- 
«x  for  the  Stage  and  Comparison  with  Earlier  Da 


Predicted  and  Measured  Values  of  Fig.  20.  Predicted  and  Measured  Values  of  e 
Momentum  Thickness,  8.. 
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DISCUSSION 


J.G.Moore,  US 

Considering  the  large  changes  in  static  pressure  and  flow  direction  in  the  rotor  tip  region  the  streamwise  momentum 
thickness  (Fig.  12)  is  an  appropriate  parameter  for  understanding  the  losses  in  annulus  wall  boundary  layers.  A  more 
appropriate  integral  parameter  might  be  based  on  total  pressure  or  entropy. 

Author's  Reply 

The  message  we  were  trying  to  convey  in  this  paper  is  simply  the  growth  of  the  annulus  wall  boundary  layer  in  the 
tip  region  of  a  compressor.  We  did  not  seek  to  analyze  the  losses,  and  we  do  agree  with  the  discusser  that  for  the 
evaluation  of  the  losses  one  needs  to  look  at  the  total  pressure  or  entropy.  The  momentum  thickness  as  plotted  in 
this  paper  was  meant  to  study  the  development  of  the  boundary  layer  growth  which  is  expressed  in  terms  of  either 
the  displacement  or  the  momentum  thickness.  We  are  planning  to  measure  the  total  pressure  also  and  derive  the 
losses  in  this  region. 


F.Leboeuf,  Fr 

I  just  want  to  make  a  comment  on  the  use  of  a  proper  frame  of  reference  in  order  to  derive  integral  thicknesses,  like 
for  the  momentum  thickness.  For  instance,  when  using  the  axial  or  meridional  direction,  we  have  found  in  our 
compressor  shown  in  page  20,  and  for  particular  operating  point,  that  the  axial  momentum  thickness  could  be 
negative.  And  this  could  create  some  problems  if  one  searches  to  analyze  such  experimental  results  in  terms  of 
‘boundary  layer'  concepts,  such  as  to  try  fitting  the  axial  velocity  with  analytical  profile. 

Author’s  Reply 

We  do  agree  with  the  fact  that  in  some  cases  the  momentum  thickness  may  become  negative,  and  this  has  been 
noticed  in  our  experimental  data,  especially  near  the  blade  surfaces  (Figure  1 2b  of  the  revised  version).  This  is 
again  closely  tied  in  with  the  location  of  the  edge  of  the  boundary  layer.  If  the  edge  of  the  boundary  layer  is  not 
properly  located  by  either  analysis  or  the  inviscid  flow  data,  one  could  envision  taking  the  edge  far  into  the  stream 
which  will  then  include  the  contribution  to  the  momentum  thickness  from  the  inviscid  flow  as  well  as  the  viscous 
flow,  and  that  could  show  a  negative  thickness.  We  feel  that  the  negative  values  of  momentum  thickness  0„ 
observed  results  from  the  beneficial  or  blowing  effect  of  the  leakage  flow  on  the  annulus  wall  boundary  layer. 


K.Papailiou,  Gr 

(1)  The  results  you  have  presented  in  integral  form  are  given  in  the  absolute  system.  It  would  be,  maybe, 
instructive  to  give  them  for  the  rotor  in  the  rotating  frame. 

(2)  How  have  you  analyzed  the  flow  into  two  parts  in  order  to  calculate  these  integral  quantities? 

(3)  Have  you  compared  the  three  types  of  measurements  (laser,  hot  wire  and  pneumatic)  in  order  to  see  if  they 
agree?  Did  you  observe  any  non-stationary  influence  on  the  pneumatic  probe  measurements? 

Author’s  Reply 

Since  this  paper  deals  with  the  boundary  layer  development  in  the  entire  stage  including  the  upstream  of  the  IGV 
passage,  exit  of  the  IGV,  exit  of  the  rotor,  inside  the  rotor,  we  thought  it  would  be  appropriate  to  stay  with  one 
convention,  namely,  the  absolute  system  for  the  entire  stage.  The  momentum  thickness,  8 ^  is  common  to  both 
the  coordinate  systems.  In  the  revised  paper  (present  version),  the  emphasis  is  placed  only  on  the  behaviour  of  8 

The  flow  was  analyzed  by  utilizing  the  inviscid  data  available  from  Reference  1 3.  This  inviscid  data  was  matched 
with  the  anulus  wall  boundary  layer  data  presented  in  the  paper,  as  shown  in  Figure  1 2  a,  and  utilizing  this,  the 
inviscid  region  was  recognized,  and  thus,  locating  the  edge  of  the  annulus  wall  boundary  layer.  There  are  9ome 
disadvantages  in  doing  this,  but  in  an  extremely  complicated  flow  such  as  this  one,  this  is  as  good  a  method  as  we 
could  devise. 

Coming  to  the  last  point,  we  did  measure  the  flow  field  far  downstream  of  the  rotor  using  the  LDV,  hot-wire  as  well 
as  pneumatic  probes.  Since  the  flow  was  measured  far  downstream  where  it  is  steady,  no  non-stationary  influences 
were  felt,  and  all  the  three  measurements  agreed  quite  well  in  most  of  the  regions. 
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END-WALL  BOUNDARY  LAYER  MEASUREMENTS  IN  A  TWO-STAGE  FAN 

Calvin  L.  Ball,  Lonnie  Reid,  and  James  F.  Schmidt 
National  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
21000  Brookpark  Road 
Cleveland,  Ohio  44135 
U.S.A. 


SUMMARY  . 

^Detailed  flow  measurements  toade^in^the  casing  boundary  layer  of  a  two-stage  tran¬ 
sonic  fan  ara-oummar ized—  —  These  meaeuramentsjwere  taken  at  stations  upstream  of  the 
fan,  between  all  blade  rows,  and  downstream  of  the  last  blade  row.  At  the  design  tip 
speed  of  429  m/sec  the  fan  achieved  a  peak  efficiency  of  0.846  at  a  pressure  ratio  of 
2.471.  ^Thei-boundary  layer  data  were  obtained  at  three  weight  flows  at  the  design  speed: 
ore  near  choke  flow,  one  near  peak  efficiency,  and  one  near  stall.  Conventional  bound¬ 
ary  .layer  parameters  were  calculated  from  the  datapmeasured  at  each  measuring  station 
for  each  of  the  three  flows.  A  classical  two-dimensional  casing  boundary  layer  was 
measured  at  the  fan  inlet  and  extended  inward  to  approximately  l^pereerrt^of  span. 

A  highly  three-dimensional  boundary. layer  was  measured  at  the  exit  of  each  blade  row  and 
extended  inward  to  approximately  10/^perc«nt'>of  span.  The  steep  radial  gradient  of  axial 
velocity  noted  at  the  exit  of  the  rotors  was  reduced  substantially  as  the  flow  passed 
through  the  stators.  This  reduced  gradient  is  attributed  to  flow  mixing.  The  amount  of 
flow  mixing  was  reflected  in  the  radial  redistribution  of  total  temperature  as  the  flow 
passed  through  the  stators.  The  data  also  show  overturning  of  the  tip  flow  at  the 
stator  .exits  that  is  consistent  with  the  expected  effect  of  the  secondary  flow  field. 

The  blockage  factors  calculated  from  the  measured  data  show  an  increase  in  blockage 
across  the  rotors  and  a  decrease  across  the  stators.  For  this  fan  the  calculated  block¬ 
ages  for  the  second  stage  were  essentially  the  same  as  those  for  the  first  stage. 


SYMBOLS 

Cf 

cp 

D 

He 

Hi 

K 

Kb 

Kdes 

Kmeas 

Kl 

K2 

K3 

M 

N 

P 

P 

Pr 

R 

r 

T 

t 

U 


skin  friction  coefficient,  eq.  (B6) 

specific  heat  at  constant  pressure,  1004  J/kg  K 

diffusion  factor,  eq.  (Al) 

axial  compressible  form  factor,  eq.  (B4) 

axial  incompressible  form  factor,  eq.  (B5) 

blockage  allowance,  1  -  Kjj 

blockage  factor,  eq.  (All) 

design  blockage  allowance,  K2  +  K3 

calculated  blockage  from  measured  data,  Kj  +  Kj 

equivalent  blockage  allowance  associated  with  design  end-wall  loss 

design  blockage  to  account  for  tempering  of  design  end-wall  loss  gradient 
relative  to  actual  (measured  gradient) 

blockage  resulting  from  nonaxisymmetric  flows,  eq.  (A12) 

Mach  number 

rotative  speed,  rpm 

total  pressure,  N/cm? 

static  pressure,  N/cm? 

Prandtl  number,  0.71 

universal  gas  constant 
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air  velocity,  m/sec 
weight  flow,  kg/sec 
eq.  (B12) 

boundary  layer  distance  from  wall 

axial  distance  referenced  from  rotor-blade-hub  leading  edge,  cm 
relative  air  angle  (angle  between  air  velocity  and  axial  direction) ,  deg 
ratio  of  specific  heats 

ratio  of  rotor-inlet  total  pressure  to  standard  pressure  of  10.13  N/cm2; 
edge  of  boundary  layer  distance 

displacement  thickness,  eq.  (B3) 

efficiency 

ratio  of  rotor-inlet  total  temperature  to  standard  temperature  of  288.2  K 
momentum  thickness,  eq.  (B2) 

dynamic  viscosity 

density 

eq.  (BIO) 

solidity;  ratio  -f  chord  to  spacing 
flow  coefficient,  eq.  (A7) 
head-rise  coefficient,  eq.  (A6) 
temperature-rise  coefficient,  eq.  (A9) 


Subscripts: 
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adiabatic  (temperature  rise) 
adiabatic  wall  condition 
boundary  layer 
design 

edge-of-boundary-layer  condition 
hub 

inviscid  flow 
blade  leading  edge 
measured  quantity 
polytropic 

reference  temperature  condition 

blade  trailing  edge 

tip 

wall  condition 

boundary  layer  axial  direction 
boundary  layer  tangential  direction 
flow  tangential  irection 

shear 

plenum  condition 
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Superscripts: 

'  relative  to  blade 

average  quantity 


INTRODUCTION 

The  strong  influence  of  end-wall  flows  on  compressor  performance  is  well  rec¬ 
ognized.  The  potential  benefit  of  being  able  to  model  these  flows  in  multistage  axial- 
flow  compressors  is  evident  by  the  large  number  of  researchers  who  have  treated  various 
aspects  of  the  subject  over  the  years.  The  results  of  some  of  this  research  ate  pre¬ 
sented  in  references  1  to  13  and  summarized  by  Hirsch  and  Denton  in  reference  14.  This 
modeling  effort  has  treated,  in  addition  to  what  might  be  considered  the  more  classical 
annulus  end-wall  boundary  layer  approach,  the  influence  of  the  various  secondary  flows 
on  both  the  through-flow  and  tangential-flow  radial  gradients.  The  secondary-flow 
effects  that  have  been  considered  include  the  passage  vortex,  flows  due  to  secondary 
stresses,  corner  vortices,  leakage  flows,  and  the  migration  of  the  blade  surface  bound¬ 
ary  layers,  which  tend  to  accumulate  in  the  end-wall  regions.  Koch  and  Smith  in  refer¬ 
ence  15  present  a  method  for  calculating  the  design-point  efficiency  potential  of  a 
multistage  compressor  that  is  based  to  a  large  extent  on  modeling  the  end-wall  flows. 
Adkins  and  Smith  in  reference  16  present  an  approximate  method  to  account  for  spanwise 
mixing  in  design  through-flow  calculation  procedure.  The  spanwise  mixing  that  occurs 
in  a  multistage  axial-flow  compressor  is  recognized  to  have  a  strong  influence  on  the 
extent  of  the  apparent  end-wall  boundary  layer  and  thus  on  energy  addition  and  losses. 
The  Adkins  and  Smith  procedure  takes  into  account  main-stream  non-f ree-vortex  flows, 
end-wall  boundary  layers,  blade-end  clearances,  blade-end  shrouding,  and  blade-surface 
boundary  layer  and  wake  centrifugation  on  flow  mixing. 

The  success  of  the  various  modeling  efforts  is  highly  dependent  on  adequate  experi¬ 
mental  data  for  developing,  extending,  and  validating  the  various  features  of  the  end- 
wall  flow  models.  The  NASA  Lewis  Research  Center  has  a  strong  interest  in  the  modeling 
of  the  end-wall  flows  in  turbomachinery  and  in  the  validation  of  these  models.  The 
objective  of  this  study  was  to  obtain  detailed  flow  measurements  in  the  casing  boundary 
layer  of  a  two-stage  transonic  fan  in  order  to  expand  on  the  somewhat  limited  experi¬ 
mental  data  base  available  from  high-speed,  high-pressure-ratio  multistage  fans  and 
compressors  for  use  in  modeling  and  code  verification. 

The  aerodynamic  design  along  with  the  overall  and  blade-element  performance  of  this 
fan  is  presented  in  reference  17.  Data  from  this  fan  were  used  as  a  test  case  by  the 
AGARD  Propulsion  and  Energetics  Panel,  Working  Group  12,  for  through-f’ow  calculations 
in  axial  turbomachines.  The  results  of  that  effort  are  presented  in  reference  14. 

The  flow  measurements  made  in  the  casing  boundary  layer  of  this  fan  are  presented  in 
detail  in  reference  18  in  both  tabular  and  graphical  forms.  The  data  presented  herein 
include  the  radial  distributions  of  various  flow  parameters  along  with  calculated  bound¬ 
ary  layer  parameters  based  on  the  flow  measurements.  Data  are  presented  for  stations 
upstream  of  the  fan,  between  all  blade  rows,  and  downstream  of  the  last  blade  row  for 
three  weight  flows  at  design  speed:  one  near  choke  flow,  one  near  peak  efficiency,  and 
one  near  stall. 

DeRuyck  and  Hirsch  of  the  Department  of  Fluid  Mechanics,  Vrije  Universiteit-Brussel , 
Brussels,  Belgium,  calculated  the  boundary  layer  parameters  for  this  fan  by  using  their 
end-wall  boundary  layer  prediction  method  for  multistage  axial-flow  compressors  (ref. 

13) .  Their  calculations  used  as  input  the  aerodynamic  design  for  the  two-stage  fan  to 
include  the  running  clearance  for  the  blading  and  the  flow  points  at  which  data  were 
obtained.  Comparisons  between  measured  and  predicted  velocities  in  the  end-wall  region 
are  presented  by  deRuyck  and  Hirsch  in  reference  19. 

The  experimental  data  were  obtained  from  tests  conducted  in  the  multistage  com¬ 
pressor  test  facility  at  the  Lewis  Research  Center,  National  Aeronautics  and  Space 
Administration,  Cleveland,  Ohio,  U.S.A. 


APPARATUS  AND  PROCEDURE 
Two-Stage  Fan 

The  overall  design  parameters  for  the  two-stage  fan  are  presented  in  table  I.  Flow 
blockage  allowances  are  presented  in  table  II.  The  flow  path  and  axial  locations  of  the 
measuring  stations  are  shown  in  figure  1.  The  two-stage  fan  assembly  is  shown  in  fig¬ 
ure  2.  One  obvious  feature  of  this  fan  is  the  unusually  large  axial  spacing  between 
blade  rows.  It  was  configured  this  way  to  provide  a  fan  representative  of  one  designed 
to  minimize  blade-row  interaction  noise.  Figure  2  shows  the  fan  with  casing  treatment 
over  the  rotors.  However,  when  taking  the  boundary  layer  data,  solid  inserts  were 
installed  over  the  rotor  tips. 

The  fan  was  originally  designed  with  a  first-stage  rotor  having  an  aspect  ratio  of 
2.9  and  incorporated  a  part-span  damper  to  eliminate  potential  aeroelastic  problems. 

A  number  of  damper  configurations  were  tested  in  an  attempt  to  maximise  aerodynamic  per- 
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forraance  and  to  maintain  structural  integrity.  The  results  are  reported  in  references 
20  to  22.  None  of  these  configurations  achieved  the  desired  efficiency  levels. 

The  first  stage  was  redesigned  to  accommodate  a  rotor  having  an  aspect  ratio  of  1.5, 
which  eliminated  the  need  for  the  dampers.  The  design  and  performance  of  the  fan 
incorporating  the  low-aspect-ratio  first-stage  rotor  are  presented  in  reference  17. 

This  modification  resulted  in  a  fan  having  excellent  performance. 

The  fan  with  the  low-aspect-ratio  first-stage  rotor  was  judged  to  be  hub  critical  in 
terms  of  the  blade  elements  that  were  controlling  the  stall  line  at  the  higher  speeds. 
This  judgment  was  in  part  based  on  the  insensitivity  (lack  of  movement)  of  the  stall 
line  to  casing  treatment.  In  addition  the  blade-element  data  indicated  that  the  stall 
line  was  most  likely  being  controlled  by  the  flow  in  the  hub  region  of  the  second  stage 
(ref.  17). 

The  end-wall  boundary  layer  measurements  were  obtained  in  the  two-stage  fan  having 
the  low-aspect-ratio  first-stage  rotor.  Contrary  to  statements  in  reference  18,  as 
noted  earlier  in  this  paper,  circumferentially  grooved  casing  treatment  was  not  in¬ 
stalled  over  both  rotors  during  the  boundary  layer  surveys.  The  rotor-tip  running 
clearances  were  estimated  to  be  0.04  cm  at  design  speed.  The  stator  design  incorporated 
a  full  chordwise  platform  at  the  tip,  therefore  eliminating  the  clearances. 

The  design  of  the  low-aspect-ratio  first-stage  rotor  considered  an  inlet-tip  bound¬ 
ary  layer  total  pressure  based  on  unreported  boundary  layer  survey  data  obtained  with 
the  configuration  reported  in  reference  21.  This  resulted  in  the  first-stage-rotor 
blading  having  leading-edge  end-wall  bends.  The  computer  program  used  in  the  design  and 
described  in  reference  23  was  unable  to  handle  the  measured  steep  total-pressure  gradi¬ 
ent  through  the  outer-wall  boundary  layer  region.  To  alleviate  this  problem,  the  total- 
pressure  distribution  was  tempered  and  combined  with  an  end-wall  blockage  allowance  of 
0.01.  It  was  expected  that  this  modified  accounting  of  the  boundary  layer  would  more 
closely  aline  the  blade  with  the  flow  entering  the  rotor  at  the  tip  and  result  in 
reduced  losses.  At  the  other  stations  in  the  two-stage  fan,  the  hub  and  casing  boundary 
layers  were  accounted  for  by  increasing  the  flow  loss  in  the  end-wall  regions  and  adding 
a  blockage  allowance.  The  blockage  allowances  at  the  tip  were  0.013  at  the  first-stage 
rotor  exit,  0.018  at  the  first-stage  stator  inlet,  and  0.020  at  all  other  leading-  and 
trailing-edge  locations.  Blockage  allowances  at  the  hub  were  the  same  as  those  at  the 
tip.  The  combined  hub  and  tip  blockage  allowance  is  given  in  table  II. 

The  general  level  of  blade  loading  is  indicated  by  the  design  diffusion  factors  at 
the  tip  of  the  first-  and  second-stage  rotors  of  0.451  and  0.410,  respectively,  and  the 
first-  and  second-stage  stators  of  0.472  and  0.464,  respectively.  The  definition  used 
in  calculating  the  diffusion  factors  is  given  in  appendix  A. 


Compressor  Test  Facility 

The  two-stage  fan  was  tested  in  the  multistage  compressor  facility,  which  is  de¬ 
scribed  in  detail  in  reference  20.  A  schematic  diagram  of  the  facility  is  shown  in  fig¬ 
ure  3.  Atmospheric  air  enters  the  test  facility  at  an  inlet  located  on  the  roof  of  the 
building  and  flows  through  the  flow-measuring  orifice,  through  the  inlet  butterfly 
throttle  valves,  and  into  the  plenum  chamber  upstream  of  the  test  fan.  The  air  then 
passes  through  the  test  fan  into  the  collector  and  is  exhausted  either  to  the  atmosphere 
or  to  an  altitude  exhaust  system.  Mass  flow  is  controlled  with  a  sleeve  valve  in  the 
collector.  For  this  series  of  tests  the  large  inlet  butterfly  valve  was  positioned 
fully  open  to  provide  near  atmospheric  pressure  at  the  inlet  to  the  fan.  The  air  was 
exhausted  to  the  atmosphere. 


Instrumentation 

Radial  surveys  of  the  flow  conditions  between  1  and  30  percent  of  passage  height 
from  the  casing  were  made  at  the  fan  inlet,  behind  each  rotor,  and  behind  the  two 
stator-blade  rows  (fig.  1).  Indicated  values  of  total  pressure,  static  pressure,  total 
temperature,  and  flow  angle  were  measured  with  combination  probes  (fig.  4).  Hall  static 
pressures  were  also  recorded  at  each  survey  station.  Each  probe  was  alined  in  the 
streamwise  direction  with  a  null-balancing  control  system.  The  thermocouple  material 
was  Chromel-constantan.  All  pressures  were  measured  with  calibrated  transducers.  Two 
combination  probes  were  used  at  the  compressor  inlet,  behind  each  rotor,  and  behind  the 
first-stage  stator;  four  combination  probes  were  used  behind  the  second-stage  stator. 

The  circumferential  locations  of  the  probes  and  wall  static  taps  at  each  measuring 
station  are  shown  in  figure  5.  The  probes  behind  the  stators  were  circumferentially 
traversed  one  stator-blade  passage  clockwise  from  the  nominal  values  shown.  The  fan 
mass  flow  was  determined  with  a  calibrated  thin-plate  orifice  located  in  the  inlet 
line.  An  electronic  speed  counter,  in  conjunction  with  a  magnetic  pickup,  was  used  to 
measure  rotative  speed  (rpm). 

The  validity  of  using  the  combination  probe  for  obtaining  boundary  layer  measure¬ 
ments  was  established  by  comparison  with  the  survey  probe  and  boundary  layer  rakes  mea¬ 
surements  reported  in  reference  24.  These  boundary  layer  rakes  were  used  in  conjunction 
with  the  combination  probes  when  obtaining  the  unpublished  inlet-casing  boundary  layer 
measurements  used  in  the  design  of  the  low-aspect-ratio  first  stage  and  discussed 
earlier.  Excellent  agreement  was  obtained  between  the  survey  probe  and  the  boundary 
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layer  rakes  to  within  1  percent  of  span.  This  in  part  is  attributed  to  the  accuracy  to 
which  the  probe  can  be  positioned  in  the  radial  direction. 

The  errors  in  the  data  estimated  from  the  inherent  accuracy  of  the  instrumentation 


and  the  recording  systems  are  as  follows: 

Mass  flow,  kg/sec . ±0.3 

Rotative  speed,  rpm . ±30 

Flow  angle,  deg . ±1 

Temperature,  K . ±0.6 

Total  pressure  (stations  1  and  2),  N/cm2 . ±0.07 

Total  pressure  (station  3),  N/cm2  . . ±0.10 

Total  pressure  (stations  4  and  5),  N/cm2 . ±0.17 

Indicated  static  pressure  (stations  1,  2,  and  3),  N/cm2 . . . ±0.07 

Indicated  static  pressure  (stations  4  and  5),  N/cm2 . ±0.17 

Radial  position,  cm . ±0.003 


Test  Procedure 

The  data  for  the  boundary  layer  surveys  were  taken  at  three  mass  flows  ranging  from 
maximum  flow  to  near  stall  at  design  equivalent  rotative  speed.  At  each  flow  condition, 
data  were  recorded  at  10  radial  positions  at  each  of  the  five  measuring  stations.  At 
the  fan-inlet  and  rotor-exit  stations  (stations  1,  2,  and  4),  radial  distributions  of 
total  pressure,  static  pressure,  total  temperature,  and  flow  angle  were  recorded.  At 
each  radial  position  behind  the  stators  (stations  3  and  5)  the  combination  probes  were 
circumferentially  traversed  to  10  equally  spaced  locations  across  a  stator-blade  gap. 
Values  of  total  pressure,  static  pressure,  total  temperature,  and  flow  angle  were  re¬ 
corded  at  each  circumferential  position. 


Data  Reduction 

Redundant  measurements  at  each  measuring  station  were  arithmetically  averaged. 
Indicated  total  pressures  and  static  pressures  were  corrected  for  streamline  slope,  and 
total  temperatures  were  corrected  for  recovery  based  on  Mach  number,  streamline  slope, 
and  pressure  environment  (ref.  25).  The  measured  temperature  was  then  adjusted  to  the 
streamline  (radial  position)  of  the  pressure  measurement.  All  data  were  corrected  to 
standard-day  conditions  based  on  values  at  30  percent  of  the  passage  height  at  the 
first-stage  rotor  inlet.  At  the  stator  exits,  radial  distributions  of  gap-averaged 
(axisymmetric)  parameters  were  obtained  as  follows:  the  circumferential  distributions 
of  total  temperature  were  mass  averaged,  total  pressure  was  energy  averaged,  and  flow 
angle  was  arithmetically  averaged.  Circumferential  distributions  of  parameters  were 
obtained  as  follows:  the  Mach  number  at  each  radial  and  circumferential  position  behind 
a  stator  was  calculated  from  the  measured  total  pressure  at  each  radial  and  circumferen¬ 
tial  position  and  an  arithmetically  averaged  static  pressure  at  each  radial  position, 
absolute  velocity  was  calculated  from  the  Mach  number  and  measured  total  temperature, 
and  absolute  velocity  and  measured  flow  angle  were  used  to  calculate  axial  and  tangen¬ 
tial  velocity  components. 


Selection  of  Static  Pressure 

Total-pressure,  total-temperature,  and  flow  angle  measurements  were  taken  at  10 
radial  positions  between  1  and  30  percent  of  passage  height  from  the  casing.  To  acquire 
static  pressures  for  the  boundary  layer  surveys,  the  side  balancing  holes  on  the  com¬ 
bination  probes  (fig.  4)  were  manifolded  to  read  an  indicated  static  pressure.  Figure  6 
is  a  comparison  of  the  measured  static  pressures  at  station  1  from  the  boundary  layer 
surveys  at  a  mass  flow  of  34.23  kg/sec  and  calculated  static  pressures  from  full- 
passage-height  surveys  at  34.27  kg/sec  (ref.  17).  At  30  percent  of  passage  height  the 
measured  static  pressure  was  lower  than  the  calculated  static  pressure. 

The  calculated  static  pressures  were  determined  by  using  design  end-wall  blockage 
values.  It  would  appear  that,  if  the  blockage  value  were  adjusted  until  the  calculated 
value  at  5  percent  of  passage  height  matched  the  wall  static  value,  the  calculated  value 
at  30  percent  of  passage  height  would  nearly  equal  the  measured  value  as  well. 

Since  the  accuracy  of  the  static-pressure  measurement  was  uncertain  near  the  casing, 
it  was  assumed  that  a  linear  distribution  of  static  pressure  between  the  wall  static 
and  the  measu  ament  at  30  percent  of  passage  height  could  be  used  to  reduce  the 
boundary-layer  survey  data.  However,  all  measured  static  pressures  are  available  from 
reference  18. 
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Boundary  Layer  Calculation  Procedure 

The  procedure  used  in  calculating  the  end-wall  boundary  layer  parameters  from 
measured  data  was  based  on  a  concept  originally  presented  by  van  Dyke  (ref.  26)  and 
referred  to  as  "matched  asymptotic  expansion."  It  was  extended  to  turbomachinery  flows 
by  Mellor  and  Wood  (ref.  6)  as  a  means  of  separating  the  core  flow  from  the  end-wall 
boundary  layer  flow  and  establishing  the  boundary  layer  edge.  Ludwieg  and  Tillman's 
empirical  relationship  (ref.  27)  was  used  to  calculate  a  skin  friction  coefficient. 

A  similar  approach  is  used  by  deRuyck  and  Hirsch  in  their  axial  compressor  end-wall 
boundary  layer  prediction  method  (ref.  13).  Schmidt  in  evaluating  the  performance  of  a 
sonic  inlet  (ref.  24)  also  uses  this  basic  procedure.  A  detailed  description  of  the 
procedure  is  given  in  appendix  B.  A  graphical  description  of  the  inviscid  velocity  pro¬ 
file  and  the  boundary  layer  profile  obtained  from  the  measured  velocity  profile  when 
applying  this  procedure  is  given  in  figure  7. 


RESULTS  ANL  DISCUSSION 

The  overall  and  stage  performance  of  the  two-stage  fan  is  presented  in  figures  8 
and  9.  Figures  10  to  14  show  the  radial  distributions  of  various  flow  parameters 
between  1  and  30  percent  of  passage  height  at  each  measuring  station.  Figure  15  pre¬ 
sents  radial  and  circumferential  distributions  of  axial  velocity  at  the  stator  exits. 

The  data  in  these  figures  are  presented  in  tabular  form  in  reference  18.  The  calculated 
boundary  layer  parameters  are  presented  in  table  III.  The  calculated  blockage  factors 
based  on  measured  data  are  compared  with  design  values  in  table  IV. 


Overall  and  Stage  Performance 

The  overall  performance  of  the  two-stage  fan  with  the  low-aspect-ratio  first-stage 
rotor  is  presented  in  figure  8.  At  the  design  tip  speed  of  429  m/sec  the  fan  achieved  a 
peak  efficiency  of  0.846  at  a  pressure  ratio  of  2.471.  Arrows  pointing  to  the  design 
speed  line  indicate  the  locations  where  the  boundary  layer  data  were  obtained.  The 
stage  performance  is  given  in  figure  9.  The  first  stage  achieved  a  peak  efficiency  of 
0.870  at  a  pressure  coefficient  of  0.257  (pressure  ratio  =  1.655).  The  second  stage 
achieved  a  peak  efficiency  of  0.842  at  a  pressure  coefficient  of  0.260  (pressure  ratio  = 
1.494)  . 

A  detailed  examination  of  the  blade-element  data  for  the  fan  indicates  that  the 
stall  line  near  design  flow  was  most  likely  controlled  by  the  flow  in  the  hub  region  of 
the  second  stage.  Unreported  test  results  obtained  on  the  first  stage  operating  as  a 
single  stage  indicate  a  stall  flow  of  30.8  kg/sec,  which  was  appreciably  below  that  for 
the  two  stages.  This  is  further  evidence  that  the  stall  line  was  being  controlled  by 
the  second  stage. 


Radial  Distributions  at  Measuring  Stations 

The  results  presented  in  figures  10  to  14  are  for  design  speed  at  three  equivalent 
mass  flows:  34.63  kg/sec  (near  choke),  34.23  kg/sec  (near  peak  efficiency),  and 
34.01  kg/sec  (near  stall).  The  solid  lines  in  the  figures  are  design  values  and  the 
symbols  are  measured  values.  The  boundary  layer  edges  calculated  by  the  previously 
described  procedure  are  noted  in  the  figures. 

First-stage  rotor  inlet  (station  1)  .  -  The  wall  boundary  layer  at  the  fan  inlet  was 
the  most  clearly  identifiable  and  is  reflected  in  the  defect  in  total  pressure  near  the 
wall  and  the  associated  relatively  steep  gradient  in  axial  velocity  (fig.  10).  Since 
the  fan  did  not  employ  an  inlet  guide  vane,  the  end-wall  boundary  layer  flow  at  this 
location  was  collateral,  and  thus  a  classical  two-dimensional  boundary  layer  existed. 

The  outer  casing  curvature  at  the  fan  inlet  (fig.  1)  tended  to  induce  an  axial  velocity 
gradient  over  a  greater  portion  of  the  blade  span  than  that  caused  by  the  defect  in 
total  pressure. 

Note  that  the  calculated  boundary-layer-edge  location  determined  by  applying  the 
van  Dyke-Mellor-Wood  approach  (appendix  B)  was  at  approximately  15  percent  of  span  from 
the  tip  (fig.  10).  Even  through  the  plots  show  a  nearly  constant  total  pressure  beyond 
10  percent  of  span,  the  tabular  data  presented  in  reference  18  show  that  the  total  pres¬ 
sure  decreased  slightly  from  approximately  the  15  percent  spanwise  location.  This 
somewhat  validates  the  procedure  for  separating  the  inviscid  effects  (in  this  case 
streamline  curvature)  from  the  viscous  end-wall  boundary  layer  effect  in  establishing  a 
boundary-layer -edge  location.  This  application  provides  some  confidence  for  generally 
applying  this  procedure.  However,  it  is  recognized  that  validation  of  the  procedure 
with  the  two-dimensional  collateral  boundary  layer  flow  at  the  fan  inlet  does  not  re¬ 
present  a  complete  validation  of  the  procedure  with  the  three-dimensional  skewed  bound¬ 
ary  layer  flows  at  the  other  blade-row  stations. 

The  axial  velocity  was  higher  than  design  over  most  of  the  outer  30  percent  of  the 
passage  height  (fig.  10).  This  velocity  difference  was  due  at  least  in  part  to  the  mass 
flow  being  higher  than  design.  The  measured  velocity  decreased  rapidly  from  5  percent 
of  span  to  the  outer  wall,  and  this  was  consistent  with  the  decrease  in  total  pressure. 
The  tempered  total-pressure  gradient  used  in  the  design  at  the  rotor  inlet  resulted  in  a 
radial  mismatch  in  relative  flow  angle  and  thus  in  incidence  angle  from  design,  as  would 
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be  expected.  The  comparison  of  design  and  measured  total-pressure  distributions  through 
the  end-wall  region  illustrates  a  design  problem.  The  measured  total-pressure  profile 
reflects  the  real  flow  loss  gradient,  but  the  design  total-pressure  profile  reflects  the 
the  approximate  loss  gradients  that  can  be  accommodated  in  typical  axisymmetric  design 
calculations.  The  differences  resulted  in  the  need  for  an  end-wall  flow  blockage 
correction  and  an  unavoidable  mismatch  in  relative  flow  angle  and  incidence  angle  from 
the  design  intent.  This  same  reasoning,  of  course,  applies  at  all  blade-row  inlet  and 
outlet  stations.  A  slight  increase  in  total  temperature  was  detected  that  is  difficult 
to  explain  but  often  observed. 

First-  and  second-stage  rotor  exits  (stations  2  and  4).  -  Similar  trends  in  the 
radial  distribution  of  flow  parameters  existed  at  the  first-  and  second-stage  rotor 
exits  (figs.  11  and  13).  From  approximately  10  percent  of  span  to  the  outer  wall  the 
parameters  deviated  appreciably  from  free-stream  values,  reflecting  the  impact  of  the 
end-wall  boundary  layer  on  these  parameters.  The  calculated  boundary  layer  edge  was  in 
close  proximity  to  the  rapid  falloff  in  velocity.  For  both  rotor  rows  the  penetration 
of  the  high-loss  region  (composed  of  end-wall  boundary  layer  and  associated  secondary 
flows)  into  the  free  stream  was  approximately  one-half  that  of  the  staggered  spacing, 
a  penetration  parameter  suggested  by  Smith  (ref.  4) . 

As  shown  by  the  radial  distributions  of  flow  angles  in  figures  11  and  13,  the  bound¬ 
ary  layer  flow  behind  the  rotors  was  a  highly  skewed,  three-dimensional  flow,  in  con¬ 
trast  to  the  two-dimensional  end-wall  boundary  layer  that  existed  at  the  first-stage 
rotor  inlet.  The  data  show  axial  velocities  in  the  high-shear  end-wall  region  that  are 
appreciably  lower  than  free-stream  values  and  are  consistent  with  the  decay  in  total 
pressure  near  the  wall.  The  lower  axial  velocities  resulted  in  higher  end-wall  energy 
additions,  as  reflected  in  the  tangential  velocities  and  the  temperature.  This  higher 
energy  addition  existed  even  though  the  relative  flow  angles  reflected  higher  deviation 
angles  and  lower  relative  flow  turning  than  free-stream  values.  The  lower  end-wall 
total  pressure  coupled  with  the  high  temperature  reflected  a  low  tip-region  efficiency 
for  the  first  stage.  It  was  not  as  obvious  for  the  second  stage  because  of  the  radial 
gradients  in  flow  parameters  at  both  the  rotor  inlet  and  exit.  However,  close  examina¬ 
tion  revealed  the  same  to  be  true  for  the  second  stage.  The  much  higher  than  design 
absolute  flow  angles  in  the  end-wall  region  at  the  rotor  exits  reflected  a  higher  than 
design  incidence  coming  into  the  stators. 

First-  and  second-stage  stator  exits  (stations  3  and  5).  -  The  trends  in  flow 
parameters  behind  the  stators  (figs.  12  and  14)  were  similar  to  those  observed  behind 
the  rotors  (figs.  11  and  13).  However,  the  magnitude  of  the  gradients  was  greatly 
reduced.  The  tempering  of  the  end-wall  gradients  as  the  flow  passed  through  the  stator 
was  particularly  evident  when  comparing  the  axial  velocity  profiles  between  stations. 

The  graaient  in  axial  velocity  near  the  wall  at  the  stator-exit  measuring  stations 
(figs.  12  and  14)  was  much  less  than  that  at  the  rotor-exit  measuring  stations  (figs. 

11  and  13) .  From  figures  12  and  13  it  can  be  seen  that  the  total-temperature  profile 
leaving  the  first-stage  rotor  was  redistributed  as  it  passed  through  the  following 
stator.  Measured  total  temperatures  near  the  wall  at  the  stator  exit  were  lower  than 
the  corresponding  temperatures  at  the  rotor  exit.  Conversely,  total  temperatures  in  the 
free-stream  region  were  higher  at  the  first-stage  stator  exit  than  at  the  first-stage 
rotor  exit.  This  redistribution  of  total  temperature  is  considered  to  be  a  result  of 
mixing.  It  is  reasoned  that  the  mixing  would  increase  with  larger  axial  spacing  between 
blades  and  thus  could  be  greater  for  this  fan  than  for  fans  with  closely  coupled  blade 
rows.  Note  that  the  calculated  boundary-layer-edge  location  was  far  inboard  of  the  more 
noted  falloff  in  axial  velocity.  This  could  also  be  a  result  of  flow  mixing.  The  plots 
of  absolute  flow  angle  show  a  6°  overturning  of  the  flow  near  the  casing  (past  the  0° 
design  outlet  flow  angle)  at  the  first-stage  stator  exit  and  a  4°  overturning  of  the 
flow  at  the  second-stage  stator  exit.  This  reflects  the  strength  in  the  crossflow  com¬ 
ponent  from  the  pressure  surface  to  the  suction  surface  within  the  stator  passage. 


Circumferential  Distributions  at  Stator  Exit  Stations 

The  radial  and  circumferential  distributions  of  axial  velocity  behind  the  first-  and 
second-stage  stators  (stations  3  and  5)  are  plotted  in  figure  16  for  a  mass  flow  of 
34.23  kg/sec.  For  clarity,  only  5  of  the  10  radial  positions  at  each  station  are 
plotted.  The  wakes  behind  both  stators  were  less  pronounced  at  30  percent  of  the  pass¬ 
age  height  than  at  3  or  4  percent  of  the  passage  height.  This  reflects  an  increase  in 
flow  blockage  caused  by  the  nonaxisymmetric  flow  field  near  the  walls.  The  wake  also 
appeared  to  shift  circumferentially  toward  the  pressure  side  of  the  blade  near  the  tip 
of  both  stators.  This  reflects  the  crossflow  component  from  the  pressure  surface  to  the 
suction  surface,  which  results  in  the  overturning  noted  earlier.  The  axial  velocity  at 
the  edge  of  the  wake  on  the  suction  side  of  the  blade  was  significantly  lower  than  the 
corresponding  velocity  at  the  tip  on  the  pressure  side.  This  velocity  imbalance  existed 
at  1  and  2  percent  of  passage  height  and  was  nearly  gone  at  3  or  4  percent  of  passage 
height.  The  data  indicate  that  the  gap-average  profile  used  in  the  boundary  layer  cal¬ 
culations  did  contain  secondary  flow  effects  and  that  the  classical  boundary  layer  para¬ 
meters  calculated  from  the  measured  data  reflect  the  presence  of  this  secondary  flow 
field. 
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Boundary  Layer  Calculations 

The  boundary  layer  parameters  calculated  from  the  measured  data  are  presented  in 
table  III.  Only  small  differences  ate  noted  between  the  different  flow  points.  This 
might  be  expected  because  of  the  relative  closeness  of  the  points,  coupled  with  the  fact 
that  the  fan  did  not  appear  to  be  tip  critical,  as  discussed  earlier.  It  is  reasoned 
that  only  when  the  tip  is  critical  would  an  increase  in  displacement  thickness  and  flow 
blockage  be  expected  for  the  tip  when  near  stall.  It  is  interesting  that  an  incompres¬ 
sible  form  factor  of  1.5  or  less  for  all  axial  stations  and  flow  points  was  calculated 
since  it  is  generally  accepted  that  an  incompressible  form  factor  in  the  range  of  1.8 
to  2.2  signals  separation  of  a  two-dimensional  collateral  boundary  layer.  This  would 
appear  to  be  additional  evidence  that  the  tip  flow  across  the  fan  did  not  initiate  stall. 

The  easiest  parameter  to  examine  in  order  to  get  a  physical  insight  and  appreciation 
for  the  boundary  layer  calculation  is  the  blockage  factor.  With  the  blockage  being  one 
minus  the  blockage  factor  the  conversion  was  made  to  compare  measured  blockages  with 
design  values  in  table  IV.  Before  discussing  the  comparisons  one  must  consider  what 
constitutes  the  blockage  calculated  from  the  measured  data  and  what  the  design  blockage 
allowance  represents.  The  radial  distribution  of  axial  velocity  used  to  calculate  an 
end-wall  boundary  layer  is  influenced  by  a  number  of  factors.  Two  of  these  factors 
(fig.  16)  are  inviscid:  streamline  curvature  in  the  meridional  plane  and  varying  energy 
levels  of  the  streamlines  along  the  blade  span.  The  latter  factor  generally  results 
from  a  radially  varying  work  input  from  the  rotor  rows.  Both  of  these  factors  can 
either  increase  or  decrease  the  level  of  axial  velocity  in  the  end-wall  region.  Factors 
that  are  viscous  are  the  radial  distribution  of  flow  losses  and  a  blockage  type  of 
effect  due  to  a  nonaxisymmetr ic  flow  field.  The  radial  distribution  of  losses  includes 
the  blade  profile  loss,  shock  loss,  end-wall  boundary  layer  loss,  and  secondary  flow 
losses.  The  latter  two  loss  sources  are  strongest  in  the  end-wall  flow  region.  The 
blockage  effect  due  to  nonaxisymmetr ic  flows  must  be  applied  whenever  circumferentially 
mass-averaged  parameters,  in  particular  total  pressure,  are  used  to  compute  the  gap- 
averaged  flow  velocities.  This  accounts  for  the  mass  flow  differences  when  flow,  which 
is  an  area-averaged  quantity,  is  computed  from  mass-averaged  parameters.  Hence  the  need 
to  consider  such  a  blockage  when  applying  design  procedures,  through-flow  analyses, 
some  data  analyses,  etc.,  where  pressures,  temperatures,  and  angles  used  to  compute  the 
velocity  field  are,  or  are  assumed  to  be,  mass-averaged  quantities.  The  nonaxisymmetr ic 
flow  field  and  associated  blockages  are  discussed  in  detail  by  Dring  in  references  28 
and  29. 

The  difference  between  measured  and  design  blockage  allowances  is  shown  in  figure 
17.  Typically  the  design  procedures  partially  account  for  the  higher  loss  levels  in  the 
end-wall  regions  but  cannot  accommodate  the  very  severe  gradients  through  the  end-wall 
boundary  layer  flows.  Hence  the  need  for  an  end-wall  blockage  exists.  In  most  cases 
the  spanwise  blockages  associated  with  nonaxisymmetr ic  flows  are  unknown  and  are  added 
to  the  end-wall  blockage.  As  figure  17  shows,  the  measured  blockage  is  the  sum  of  the 
equivalent  blockage  associated  with  the  design  end-wall  loss  gradient  Ki  and  the 
design  end-wall  blockage  allowance  K2.  The  design  blockage  allowance  includes  the 
design  end-wall  blockage  allowance  K2  and  the  blockage  associated  with  the  non- 
axisymmetric  flow  field  K3. 

The  foregoing  discussion  delineates  some  of  the  flow  physics  in  the  compressor  "'nd- 
wall  flew  regions  that  necessitates  the  use  of  blockage  factors  in  design  and  analysis 
procedures  and  points  to  the  difficulty  of  extracting  the  needed  parameters  from  mea¬ 
sured  data.  Hence  a  comparison  of  the  design  and  measured  blockages  is  a  subjective  one 
at  present.  The  comparisons  for  this  fan  are  presented  in  table  IV. 

In  general,  the  level  of  measured  blockage  agreed  reasonably  well  with  the  design 
values.  For  the  first-stage  rotor  the  measured  blockage  was  somewhat  higher  than 
design,  and  for  the  exit  of  the  second  stator  it  was  somewhat  lower  than  design.  The 
measured  blockages  did  reflect  an  increase  through  the  rotors  and  a  decrease  through  the 
stators.  Also  the  measured  blockage  for  the  second  stage  was  essentially  the  same  as 
that  for  the  first  stage.  This  could  be  due  in  part  to  the  flow  mixing  noted  earlier. 

It  was  recognised  that  meaningful  blockage  factors  can  be  obtained  from  compressor 
end-wall  experimental  measurements  only  if  the  selection  of  the  boundary  layer  thickness 
(edge)  effectively  accounts  for  all  of  the  viscous  flow  effects  and  ignores  the  inviscid 
flow  effects.  The  van  Dyke  procedure  described  in  appendix  B  was  selected  for  this 
study  since  it  had  these  capabilities.  Some  judgment  on  the  worthiness  of  the 
van  Dyke-Mellor-Wood  procedure  can  be  made  by  applying  it  to  the  fan  inlet  flow.  At  the 
fan  inlet  the  total-pressure  distribution  indicates  the  spanwise  extent  of  the  viscous 
effects,  and  the  axial  velocity  distribution  indicates  that  local  streamline  curvature 
effects  are  also  present. 

As  noted  previously  the  calculated  boundary-layer-edge  location  determined  by  apply¬ 
ing  the  van  Dyke-Mellor-Wood  approach  (appendix  B)  is  at  approximately  15  percent  of 
span  from  the  tip  (fig.  10).  Even  though  the  plots  show  a  nearly  constant  total  pres¬ 
sure  beyond  10  percent  of  span,  the  tabular  data  presented  in  reference  18  show  the 
total  pressure  to  decrease,  starting  at  approximately  15  percent  of  span.  This  somewhat 
validates  the  procedure  for  separating  the  inviscid  effects  (in  this  case  streamline 
curvature)  from  the  viscous  end-wall  boundary  layer  effect  in  establishing  a  boundary- 
layer-edge  location.  This  application  provides  some  confidence  for  generally  applying 
this  procedure.  However,  it  is  recognized  that  validation  of  the  procedure  with  the 
two-dimensional,  collateral  boundary  layer  flow  at  the  fan  inlet  does  not  represent  a 
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complete  validation  of  the  procedure  with  the  three-dimensional,  skewed  boundary  layer 
flows  at  the  other  blade-row  stations. 

To  provide  an  indication  of  the  sensitivity  of  the  boundary  layer  parameters  to  the 
selected  boundary  layer  thickness  (edge) ,  the  boundary  layer  parameters  were  calculated 
from  the  measured  profiles  by  arbitrarily  selecting  the  boundary  layer  edge  at  various 
spanwise  locations  along  the  measured  velocity  profile.  This  standard  boundary  layer 
procedure  is  illustrated  in  graphical  form  in  figure  18  and  the  results  of  the  calcula¬ 
tions  are  shown  in  figure  19.  The  data  presented  in  figure  19  are  for  the  near-peak- 
efficiency  flow  point.  Plots  of  axial  and  tangential  momentum  thickness  and  axial  dis¬ 
placement  thickness  are  presented  as  a  function  of  spanwise  location  of  the  assumed 
boundary  layer  edge  for  each  of  the  five  axial  locations.  As  can  be  noted  from  the 
figure,  the  magnitude  of  the  calculated  boundary  layer  parameters  is  a  relatively  strong 
function  of  the  assumed  boundary-layer-edge  location.  At  stations  behind  the  rotors  the 
calculated  boundary  layer  parameters  tend  to  level  off  in  the  region  where  one  might 
assume  the  boundary  layer  edge  to  be  (figs.  11  and  13)  and  the  edge  value  determined  by 
the  procedure  presented  in  appendix  B.  However,  at  the  first-stage  rotor  inlet  and  at 
the  exits  of  each  stator  the  boundary  layer  parameters  continue  to  increase  as  the 
assumed  boundary-layer-edge  location  is  moved  to  larger  percentages  of  the  span.  This 
is  particularly  true  at  station  1  and  can  be  attributed  to  stronger  streamline  curvature 
effects  at  this  station.  In  any  case  the  data  presented  in  figure  19  reflect  the  need 
for  a  sound  procedure  for  establishing  the  boundary-layer-edge  location  in  a  flow  field 
that  includes  both  inviscid  and  viscous  effects  in  terms  of  the  governing  factors  con¬ 
trolling  the  velocity  profiles.  Although  the  van  Dyke-Mellor-Wood  procedure  for  select¬ 
ing  the  end-wall  boundary  layer  edge  downstream  of  rotors  and  stators  cannot  be  firmly 
established  as  valid  from  the  data,  it  represents  the  consistent  procedure  needed  to 
carry  out  an  extended  correlation  of  end-wall  boundary  layer  parameters. 


CONCLUDING  REMARKS 

The  detailed  boundary  layer  measurements  obtained  in  the  high-tip-speed,  high- 
pressure-ratio  two-stage  fan  extend  the  experimental  data  base  for  end-wall  boundary 
layer  modeling  and  code  verification.  Various  factors  that  contribute  to  the  flow 
blockage  through  a  compressor  were  discussed.  The  blockage  based  on  measured  data  was 
related  to  the  blockage  used  in  the  design  and  analysis  procedures. 

Because  specific  design  and  performance  features  of  this  fan  probably  influenced  the 
data,  some  care  should  be  exercised  in  applying  these  results  in  general.  These  fea¬ 
tures  included 

1.  Wide  axial  spacing  between  blade  rows  (to  alleviate  noise  generation).  This  pro¬ 
vided  an  unusually  long  flow  path  for  enhanced  flow  mixing,  which  appeared  to  have  a 
significant  effect  on  end-wall  gradients  and  blockage  values. 

2.  High  reaction  stages  (large  static  pressure  rise  across  the  rotors  and  low  static 
pressure  rise  across  the  stators).  This  may  have  a  significant  influence  on  the  trend 
of  an  increase  in  blockage  across  the  rotors  and  a  decrease  across  the  stators. 

3.  Fan  stall  initiated  in  hub  region  of  second  stage.  This  probably  was  responsible 
for  the  nearly  constant  tip  blockage  over  the  flow  range  covered. 

A  need  therefore  exists  to  provide  data  to  permit  generalizing  and  quantifying  the 
influence  of  the  various  design  and  performance  features  on  the  end-wall  flows. 

Two  recent  methods  to  calculate  the  factors  directly  or  indirectly  affecting  flow 
blockages  have  recently  been  introduced.  One  is  the  method  proposed  by  Adkins  and  Smith 
in  reference  16  for  calculating  the  spanwise  mixing  of  the  flow  as  it  passes  through  a 
multistage  compressor.  This  method  can  be  applied  directly  to  a  design  or  analysis 
procedure.  The  second  is  an  approach  to  calculating  the  spanwise  distribution  of 
blockage  due  to  nonaxisymmetric  flows  proposed  by  Dring  in  references  28  and  29.  This 
approach  requires  detailed  gapwise  measurements  at  the  rotor-exit  stations  and  at  the 
stator-exit  stations  to  obtain  the  pertinent  data.  Both  of  these  methods  must  be  sup¬ 
ported  by  relevant  experimental  data. 

Finally,  the  data  presented  reflect  the  need  for  improved  design  approaches 
(methods)  to  more  accurately  account  for  the  significant  departures  in  the  flow  para¬ 
meters  in  the  end-wall  boundary  layer  region  in  relation  to  free-stream  values.  The 
results  of  a  program  conducted  on  a  large  low-speed  compressor  to  address  this  need  are 
summarized  by  Wisler  in  reference  30.  Various  designs  Incorporating  end-wall  bends  into 
the  stator  blade  rows  to  accommodate  the  highly  skewed  end-wall  profiles  were  studied. 
The  effects  of  these  design  concepts  on  efficiency  and  stall  margins  as  well  as  on  the 
local  blade-surface  velocity  distributions  were  presented. 


SUMMARY  OF  RESULTS 

This  report  presents  detailed  measurements  of  the  casing  boundary  layer  in  a 
429-m/sec-tip-speed,  two-stage  fan.  The  fan  achieved  a  peak  adiabatic  efficiency  of 
0.851  at  a  pressure  ratio  of  2.433  at  design  speed.  The  principal  results  from  the  mea¬ 
sured  data  were  as  follows! 


22-10 


1.  The  measured  radial  distributions  of  flow  parameters  obtained  in  the  casing 
boundary  layer  showed  sharp  departures  from  the  free-stream  values  at  all  survey 
stations  near  the  casing  wall. 

2.  In  this  high-shear  end-wall  flow  region  at  the  rotor  exit  the  following  combina¬ 
tion  of  flow  conditions  existed:  low  axial  velocity,  high  energy  addition,  low  pres¬ 
sure,  low  efficiency,  high  relative  flow  angles,  and  large  deviation  angles.  The  low 
absolute  velocity  measured  at  the  rotor  exits  near  the  casing  reflected  a  high  incidence 
on  the  stator. 

3.  In  the  end-wall  flow  regions  downstream  of  the  stators,  decreased  gradients  and 
increased  spanwise  penetration  of  the  end-wall  boundary  layer  (as  compared  with  the 
rotor  exit)  indicated  that  some  mixing  occurred  in  the  flow  across  stator  rows. 
Significant  overturning  of  flow  close  to  the  outer  wall  was  evident. 

4.  Over  the  complete  flow  range  at  100  percent  of  design  speed  the  calculated  casing 
boundary  layer  parameters  showed  only  small  variations  with  operating  conditions.  No 
indication  of  boundary  layer  separation  was  apparent  during  near-stall  operation. 

5.  For  this  fan  the  tip  annulus  boundary  layer  and  associated  flow  blockage  in¬ 
creased  across  the  rotors  and  decreased  across  the  stators.  The  calculated  blockages 
for  the  second  stage  based  on  measured  data  were  essentially  the  same  as  those  for  the 
first  stage. 


(Al) 


<A2) 


(A3) 


<A4) 


(A5) 


(A6) 


<A7) 


i 

| 
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Polytropic  efficiency 


Temperature-rise  coefficient 


Relative  flow  angle 

O'  »  arctan 

Blockage  factor 


<rt  -  6*)2  -  <rh  +  6*)2 

Kb  =  ~2  72  +  K3 

rt  ’  rh 


Blockage  from  nonaxisymmetr ic  flows 


based  on  area  average 


based  on  mass-averaged  properties 


(A8) 


(A9) 


(A10) 


(All) 


(A12) 


APPENDIX  B 

BOUNDARY  LAYER  REDUCTION  PROCEDURE 


Devising  a  method  for  separating  the  inviscid  rotational  core  flow  from  the  end- 
wall  boundary  layer  flow  is  complicated  by  the  fact  that  the  free  stream  (edge  of  the 
boundary  layer)  velocity  is  unknown.  By  using  an  approximate  engineering  approach,  the 
following  turbulent  boundary  layer  data  reduction  program  was  developed. 

From  van  Dyke's  original  concept  (ref.  26)  and  as  suggested  for  internal  flows  by 
Mellor  and  Hood  (ref.  6),  the  measured  velocity  across  an  annular  passage  with  total- 
pressure  variation  is  given  by 

°meas  “  ub  +  uinv  “  °e 

where  Umeas  is  the  measured  velocity  profile,  %  is  the  boundary  layer  velocity  pro¬ 
file,  U<nv  is  the  curve-fitted  inviscid  velocity  profile,  and  Ua  is  the  free-stream 
(edge  of  the  boundary  layer)  velocity.  A  graphical  description  of  the  inviscid,  mea¬ 
sured,  and  calculated  boundary  layer  velocity  profiles  is  given  in  figure  7. 


Assuming  an  initial  value  for  Ue,  the  outer  values  of  the  inviscid  velocity  profile 
uinv  Here  curve  fitted  to  the  wall  value  Ue.  With  the  measured  velocity  profile  Umeas 
and  an  initially  assumed  Ue,  the  boundary  layer  velocity  profile  Uj,  was  calculated 
from  equation  (Bl).  The  boundary  layer  integrations  were  then  performed  to  obtain  the 
following  momentum  and  displacement  thicknesses: 


/'(■-iki- 


(B3) 


where  8  is  the  momentum  thickness,  6*  is  the  displacement  thickness,  y  is  the  bound¬ 
ary  layer  distance  from  the  wall,  6  is  the  edge  of  the  boundary  layer  distance,  and  p 
is  the  density. 


The  compressible  form  factor  Hc  and  the  incompressible  form  factor  are 


•  (“c  -  «1/3r  $ )/('  *  i  »e!) 


where  Pr  is  the  Prandtl  number  set  at  0.71,  y  is  the  ratio  of  specific  heats,  and 
Me  is  the  Mach  number  at  the  edge  of  the  boundary  layer. 

With  Ue,  Hi,  and  8  already  calculated,  the  skin  friction  coefficient  C*  was 
calculated  by  using  Ludwieg  and  Tillman's  relationship  from  reference  27 


where  pref  is  the  dynamic  viscosity  based  on  reference  temperature  and  the  reference 
temperature  tcef  is 


fcref  *  fce 


^1.0  +  0.72  Pr1/3  ^  M2^ 


where  te  is  the  static  temperature  at  the  edge  of  the  boundary  layer. 

From  the  already  determined  boundary  layer  parameters  and  Cole's  law  of  the  wake 
the  shear  velocity  can  be  calculated.  Cole's  law  of  the  wake  is 


where  Ki  =  0.40,  C^  *  5.1,  CJt  is  the  local  air  velocity  at  each  point  in  the  boundary 
layer,  n(x)  is  a  parameter  describing  the  velocity  defect  law,  and  W(y/S)  is  a  waveliki 
function  describing  the  outer  wake  region  of  the  boundary  layer. 


wavelike 


At  the  boundary  layer  edge  U  »  Ue,  and  equation  (B8)  becomes 


x  (Cf/2) 


Solving  for  2n(x)/Kj  in  equation  (B9)  gives 


Solving  for  UT  in  equation  (B8)  gives 


*7  ln  (^4^)  "  ci  +  w  (*) 


W(f)  “  2  8ln2  (z  6  ) 


and  n  is  the  measured  boundary  layer  point  for  evaluating  U,  y,  p,  and  y.  Initially, 
the  shear  velocity  UT  was  estimated  from  the  shear  stress  equation  as 


(B13) 
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Then  equation  (Bll)  was  iterated  for  the  correct  UT .  The  iterated  Ut  was  obtained  for 

n  =  1  (first  measured  point) 
n  =  2  (second  measured  point) 

The  0T>S  calculated  by  using  the  first  and  second  points  were  then  averaged  to  obtain 
the  new  UT .  From  this  UT  and  equation  (B13)  a  new  Ue  can  be  obtained 


°e  = 


(Cf/2) 
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(B14) 


With  this  new  Ue  the  complete  iteration  loop  was  repeated  until  the  new  Ue  had  neg¬ 
ligible  change  from  the  old  Ue. 
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TABLE  I.  -  OVERALL  DESIGN  PARAMETERS 


(a)  Two-stage  fan 


Pan  total-pressure  ratio  .  2.399 

Fan  total-temperature  ratio  .  1.334 

Fan  adiabatic  efficiency  .  0.849 

Fan  polytropic  efficiency  .  0.866 

weight  flow,  kg/sec  .  33.248 

Weight  flow  per  unit  frontal  area, 

kg/sec  m2  .  162.381 

Weight  flow  per  unit  annulus  area, 

kg/sec  m2  .  189.016 

Rotative  speed,  rpm  .  16042.800 

Tip  speed,  m/sec  .  428.896 


(b)  First  stage 


Rotor  total-pressure  ratio  .  1.629 

Stage  total-pressure  ratio  .  1.590 

Rotor  total-temperature  ratio  .  1.167 

Stage  total-temperature  ratio  .  1.167 

Rotor  adiabatic  efficiency  .  0.896 

Stage  adiabatic  efficiency  .  0.848 

Rotor  polytropic  efficiency . 0.903 

Stage  polytropic  efficiency  .  0.857 

Rotor  head-rise  coefficient  . . 0.236 

Stage  head-rise  coefficient  .  0.223 

Flow  coefficient . 0.429 


TABLE  II.  -  FAN  DESIGN 
BLOCKAGE  ALLOWANCES 


Inlet 

Outlet 

Blockage, 

,  percent 

Rotor  1 

2.0 

2.6 

Stator  1 

3.6 

4.0 

Rotor  2 

4.0 

4.0 

Stator  2 

4.0 

4.0 

(c)  Second  stage 


Rotor  total-pressure  ratio  .  1.537 

Stage  total-pressure  ratio  .  1.509 

Rotor  total-temperature  ratio  .  1.143 

Stage  total -temperature  ratio  .  1.143 

Rotor  adiabatic  efficiency  .........  0.911 

Stage  adiabatic  efficiency  .  0.870 

Rotor  polytropic  efficiency  .  0.917 

Stage  polytropic  efficiency  .  0.877 

Rotor  head-rise  coefficient  .  0.269 

Stage  head-rise  coefficient  .  0.256 

Flow  coefficient . . . 0.464 
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TABLE  III.  -  MEASURED  BOUNDARY  LAYER  PARAMETERS 


Sta- 

Edge 

Mach 

Boundary 

Axial 

Axial 

Tangential 

— 

Blockage 

Axial 

Skin 

Shear 

t  ion 

velocity. 

number , 

layer 

momentum 

displace- 

momentum 

factor. 

income 

f fiction 

velocity. 

ue, 

Me 

edge, 

thickness. 

raent 

thickness, 

Kb 

pressible 

coefficient. 

V 

m/sec 

6, 

9X, 

thickness, 

ex, 

form 

Cf  n 

m/sec 

cm 

cm 

6;, 

cm 

factor. 

cm 

Mass  flow  »  34.63  kg/sec  (near 

rhoke) 

194.7 

0.591 

2.326 

0.1375 

0.2009 

0.982 

1.309 

0.00246 

9.66 

204.0 

.570 

1.545 

.1838 

.3103 

-0.0567 

.967 

1.530 

.00147 

7.815 

182.7 

.503 

1.213 

.1228 

.1722 

.0185 

.980 

1.290 

.00259 

9.296 

178.8 

.460 

0.830 

.1305 

.2042 

.02423 

.972 

1.460 

.00183 

7.650 

B 

176.1 

.452 

0.846 

.0716 

.0792 

.02536 

.986 

1.300 

.00299 

9.638 

P 

ass  flow  «  34.23  kg/sec 

(near  peak 

efficiency) 

n 

193.6 

0.586 

2.362 

0.1481 

0.2164 

0.980 

1.31 

0.00240 

9.48 

195.1 

.540 

1.219 

.1585 

.2524 

-0.0460 

.973 

1.46 

.00175 

8.15 

186.4 

.509 

1.515 

.1049 

.1484 

.0093 

.983 

1.31 

.00263 

9.56 

167.7 

.424 

0.671 

.1067 

.1631 

.00393 

.978 

1.44 

.00206 

7.61 

H 

175.8 

.444 

1.073 

.0607 

.0856 

.0257 

.988 

1.32 

.00299 

9.62 

Mas6  flow  »  34.01  kg/sec  (near 

stall) 

n 

191.10. 

0.579 

2.131 

0.1399 

0.2036 

. 

0.982 

1.31 

0.00247 

9.49 

196.6 

.547 

2.042 

.1750 

.2886 

-0.0472 

.969 

1.50 

.00158 

7.82 

.fmm 

189.5 

.518 

1.853 

.1085 

.1539 

-.00012 

.982 

1.30 

.00258 

9.63 

177.8 

.451 

0.838 

.1198 

.1850 

-.00005 

.975 

1.45 

.00191 

7.76 

B 

173.1 

.437 

0.844 

.0604 

.0826 

.0295 

.986 

1.29 

.00321 

9.61 

TABLE  IV.  -  COMPARISON  BETWEEN 
DESIGN  AND  MEASURED  BLOCKAGES 

(Tip  values  at  measuring  station, 
neat  peak  efficiency.) 


fKmeas  “  *1  +  ^2f  Kdes  *  ^2  +  *3.) 


Design 

Measured 

Blockage,  percent 

Rotor  1  inlet 

1.0 

2.0 

Rotor  1  outlet 

1.5 

2.7 

Stator  1  outlet 

2.0 

1.7 

Rotor  2  outlet 

2.0 

2.2 

Stator  2  outlet 

2.0 

1.2 

Flow  path  coordinates 


Axial 

distance, 

Z, 

cm 

Radius, 

r,  cm 

Outer 

Inner 

-13.093 

25.654 

8.994 

-8.  Old 

25.654 

8.903 

-2.936 

25.654 

9.093 

*-.203 

25.651 

9.543 

2.144 

25.570 

10.160 

4.584 

25. 128 

10.973 

7.224 

24.681 

11. 565 

*9.764 

24.460 

11.902 

12.304 

24.384 

12.139 

14.844 

12.438 

17.384 

19.924 

*20.803 

13.038 

22.464 

24.32* 

13. 152 

25.004 

23.993 

13.627 

27.544 

23.655 

14.  371 

*30.084 

23.622 

14.699 

32. 177 

14.849 

36.754 

15.237 

*38.850 

15.240 

42.784 

15.240 

Figure  1.  -  Flow  path  of  two-stage  low -aspect-ratio  fan. 


instrument  survey  plane. 


Figure  1  -  Two-stage  Ian  with  low-aspect-ratio,  first-stage  rotor. 
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STATION  4  STATIONS  Figure  6.  -  Comparison  ol  measured  and  calculated 

static  pressure  at  station  1. 


la)  Combination  probes. 


STATION  1  STATION  2  STATION  3 


STATION  4  STATION  5 

(b)  Static-pressure  taps. 


O  MEASURED  vaOCITY.  Umejs 


DISTANCE  FROM  WALL,  y 


Figure  5.  -  Circumferential  locations  of  instrumentation  at  Figure  ?.  -  Graphical  description  of  inviscid.  measured  and 

measuring  stations  (looking  downstream).  calculated  velocity  profiles. 
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Figure  1  -  Overall  performance  of  two- stage, 
low-aspect-ratio  fan. 
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Figure  4.  -  Dimensionless  overall  performance. 
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Figure?.  -  Concluded. 


EQUIVALENT  aOW. 


340  r- 


TOTAL 

TEMPERATURE,  310 
K 


T  -f 

15  20  25  30 

PASSAGE  HEIGHT,  PERCENT  FROM 
CASING 


280 


[riftvyTtvy 


10 


CALCULATED 
BOUNDARY  LAYER 
EDGE 


ABSOLUTE 

aow 

ANGLE, 

deg 


PASSAGE  HEIGHT,  PERCENT  FROM 
CASING 


Figure  10.  -  Radial  distributions  at  measuring  station  1,  first-stage  rotor  inlet. 
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Figure  11.  -  Radial  distrioutions  at  measuring  station  2,  first-stage  rotor  exit. 
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Figure  12.  -  Radial  distributions  at  measuring  station  3,  first-stage  stator  exit 
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Figure  13.  -  Radial  distributions  at  measuring  station  4,  second-stage  rotor  exit. 
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Figure  14.  -  Radial  distributions  at  measuring  station  5,  second-stage  stator  exit. 
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(b)  Second-stage  stator  exit. 

Figure  15.  -  Circumferential  variation  of  axial 
velocity  at  stator  exits.  Mass  flow,  34. 23  kg/sec. 
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DISCUSSION 


Callus 

I  wonder  why  the  wakes  measured  close  to  the  wall  ( 1%  span)  are  larger  than  those  at  greater  distances  from  the 
wall.  This  is  contrary  to  our  experience.  Reasons  are  high  turbulence  and  mixing  out  close  to  the  walls. 

Author’s  Reply 

I  feel  that  the  most  likely  reasons  for  the  wakes  being  larger  near  the  walls  than  in  the  mainstream  are  due  to: 

(1)  the  fact  that  the  incidence  in  the  tip  region  of  the  stators  near  the  wall  is  higher  than  for  the  mainstream  and 
therefore  one  would  expect  larger  wakes  near  the  wall  than  for  the  mainstream,  (2)  the  fact  that  the  stator  tends  to 
separate  out  the  high  momentum  flow  coming  from  the  rotor  (rotor  wake  flow).  This  low  momentum  flow  tends  to 
accumulate  near  the  pressure  surface  and  thus  show  up  in  the  wake  region  of  the  stator.  This  fact  may  also  affect 
the  apparent  size  of  the  wake  as  a  function  of  span,  and  (3)  it  is  not  clear  where  the  rotor  tip  vortex  shows  up  down¬ 
stream  of  the  stators,  although  there  is  some  evidence  that  in  some  cases  the  tip  vortex  is  showing  up  in  the  ‘free- 
stream’’  mid  gap  region. 


E.E.Covert,  US 

The  discussion  by  Fottner  and  Lakshminarayana  is  interesting  and  helpful  in  clarifying  the  basic  physical  processes 
near  the  hub.  Nevertheless,  my  experience  suggests  the  wake  characteristics  are  dependent  upon  a  number  of 
details  such  as  gap-chord  ratio,  blade  trailing  edge  thickness,  local  momentum  thickness,  etc.  Hence  one  may  not 
want  to  discuss  details  too  closely  until  one  has  also  compared  geometrical  details  as  well. 

Author’s  Reply 

I  agree  with  Professor  Covert’s  comment.  One  must  go  cautiously  when  attempting  to  generalize  results  obtained 
from  specific  cases  on  such  complex  and  detailed  flow  phenomena  as  that  which  exists  within  the  end  wall  boundary 
layer  of  multistage  compressors;  specially  questionning  the  existence  and  strength  of  the  non-axisymmetric  flow 
field  noted  within  the  end  wall  boundary  layer  behind  the  stators  of  the  two-stage  fan  based  on  the  fact  that  none  was 
observed  in  any  other  machine.  Detailed  geometry  and  operating  conditions  must  be  compared  before  attempting  to 
generalize  results.  Some  reasons  why  one  might  expect  to  see  the  existence  of  the  non-axisymmetric  flow  field 
behind  the  stators  of  the  subject  fan  are  given  in  the  address  to  Prof.  Fottner’s  question. 


K.Papailiou,  Gr 

( 1 )  Did  you  find  any  marked  differences  in  the  circumferential  distributions  for  the  near-design  and  near-stall 
points'? 

(2)  The  blockage  distributions  that  you  have  shown  are  different  from  those  usually  produced  by  the  Mellor  and 
Wood  method  to  which  you  referred.  Could  you  comment  on  this  point? 

Author’s  Reply 

(1 )  We  did  not  see  significant  differences  in  the  circumferential  distributions  of  flow  parameters  behind  the  stators 
between  the  near-peak-efficiency  point  and  the  near-stall  point.  We  attribute  this  to  the  fact  that  the  tip 
elements  for  this  fan  do  not  seem  to  be  controlling  the  stall  line.  Rather,  the  hub  flow  in  the  second  stage 
appears  to  trigger  stall.  Therefore  we  would  not  expect  a  thickening  of  the  tip  boundary  layer  to  the  near¬ 
stall  point.  Also,  the  points  are,  in  reality,  relatively  close. 

(2)  We  feel  that  the  reason  that  the  blockage  of  the  second  stage  is  about  the  same  as  that  of  the  first  stage  may  be 
due  to  the  large  axial  spacing  and  significant  mixing  of  the  flow.  The  trend  from  rotor  to  stator  may  be 
imparted  by  the  high  reaction  design  with  most  of  the  static  pressure  rise  occurring  in  the  rotor. 


J.  de  Ruyck,  Be 

( 1 )  In  calculating  the  tangential  momentum  thickness  how  was  the  boundary  layer  location  established,  and 

(2)  How  was  the  measured  boundary  layer  profile  extrapolated  from  the  one  percent  span  measuring  location  to 
the  physical  wall? 

Author's  Reply 

In  answer  to  the  first  question,  the  boundary  layer  edge  location  in  the  tangential  direction  was  assumed  to  be  the 
same  as  that  established  for  the  axial  direction.  The  boundary  layer  edge  location  in  the  axial  direction  was 
established  following  the  procedure  presented  in  Appendix  B.  In  calculating  the  tangential  boundary  layer 
parameters,  no  attempt  was  made  to  establish  an  inviscid  profile  based  on  the  measured  data  as  was  done  in 
establishing  the  axial  boundary  layer  profile. 

In  answer  to  the  second  question,  a  spline  fit  of  the  data  was  used  in  conjunction  with  assuming  the  velocity  to  be 
zero  at  the  physical  wail.  The  resulting  curve  was  examined  to  assure  smoothness.  It  was  noted  that,  in  particular, 
the  tangential  boundary  layer  parameters  were  sensitive  to  the  fairing  between  one  percent  of  span  and  the  wall. 
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Abstract.  .. 

'jl'he  time-dependent  three-dimensional  viscous  flow  downstream  of  the  rotor  In  a  single-stage 
transonic  axial-flow  compressor  without  Inlet  guide  vanes  was  measured  and  analysed  at  de¬ 
sign  and  off-design  operating  conditions.  Measurements  were  made  between  the  blade  rows  and 
within  the  stator  row  which  had  been  recently  redesigned  using  a  controlled  diffusion  blade 
design  method. 

Detailed  measurements  of  the  blade  surface  pressure  distributions  were  performed  In  order 
to  Investigate  whether  the  favourable  behaviour  of  controlled  diffusion  blades  can  be  ob¬ 
tained  under  the  real  flow  conditions  within  a  turbomachine,  and  not  only  under  those  con¬ 
ditions  In  a  cascade.  These  data,  as  well  as  1 aser-vel oc I  met ry  data,  indicate  blade  bound¬ 
ary  layer  separation  under  some  operating  conditions. 

The  optical  measurements  were  taken  at  different  Instantaneous  rotor  positions  relative  to 
the  stator.  These  results  give  some  Insight  Into  the  unsteady  flow  within  the  stator,  e.g. 
the  development  of  the  fluctuating  velocity  vectors,  of  the  turbulence  Intensity,  of  the 
rotor  blade  wakes,  and  of  the  stator  blade  boundary  layers. 
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absolute  velocity 
chord  length 
Mach  number 


blade  pitch 

turbulence  intensity,  normal  to  mean  flow  direction,  Tnorm  =  / v 1  J '/ c 
turbulence  intensity,  parallel  to  mean  flow  direction,  Tpar  =  /u '  5'/c 
circumferential  velocity  at  rotor  tip 
relative  flow  angle 


total  pressure  loss  coefficient 
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Int  roduc 1 1  on 

Future  aircraft  engines  must  be  smaller  and  lighter,  and  must  operate  with  lower  fuel  con¬ 
sumption  than  those  of  the  present-generation. 

Improvements  In  axial-flow  compressor  performance  are  necessary  to  meet  this  need.  New 
compressor  designs  will  require: 

higher  pressure  ratios  with  at  least  no  Increase  In  the  number  of  stages,  and  preferably 
with  the  same  airflow  as  today's  compressors  but  with  fewer  stages  and  a  lower  frontal 
area, 

and  refined  aerodynamics  to  Improve  the  compressor  efficiency. 
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The  broad  message  apparent  from  these  requirements  Is  the  necessity  of  a  basic  understand¬ 
ing  of  the  flow  phenomena  Involved.  In  particular,  a  detailed  understanding  of  the  flows 
within  and  between  the  blade  rows  Is  essential  for  further  technological  gains  In  axial-flow 
compressor  aerodynamics.  A  deep  Insight  Into  the  fundamental  aerodynamics  Involved  makes 
possible  the  development  of  reliable  flow  models  for  analytical  use  and  the  successful  appli¬ 
cation  of  new  design  concepts. 

Within  such  R  &  D  acltivltles  the  stator  blade  row  of  an  existing  transonic  axial  compressor 
stage  has  been  redesigned  by  applying  a  controlled  diffusion  blade  design  concept .  This 
method,  originating  In  single  airfoil  aerodynamics.  Is  based  on  prescribed  blade  pressure 
or  velocity  distributions  which  are  optimized  with  respect  to  blade  boundary  layer  develop¬ 
ment.  Cascade  test  results  reveal  a  favourable  flow  behaviour  with  these  new  profiles,  as 
well  as  a  great  potential  for  future  application  of  the  controlled  diffusion  concept. 

The  purpose  of  the  present  work  Is  to  Investigate  and  analyze  the  flow  phenomena  in  detail, 
and  to  determine  the  capabilities  of  the  redesigned  stator  blade  row  under  the  real  flow 
conditions  within  a  turbomachine,  i.e.  unsteady  three-dimensional  viscous  Inlet  flow  to  the 
stator  as  produced  by  a  high-speed  transonic  rotor  and  associated  with  high  positive  and 
negative  Incidence  angles. 

In  order  to  provide  data  for  a  somewhat  qualitative  comparison,  detailed  measurements  of 
the  stator  blade  surface  pressure  distributions  were  also  performed  In  an  equivalent  linear 
cascade.  It  should  be  considered,  however,  that  the  measured  static  pressures  on  the  blade 
surface  represent  mean  values  which  could  be  significantly  affected  by  an  unsteady  through- 
flow. 

In  recent  years  many  experimental  Investigations  concerning  linear  cascades  and  time-aver¬ 
aged  compressor  flows  have  been  performed  In  order  to  gain  more  Insight  into  the  physical 
processes  Involved.  Also  some  experience,  although  limited,  has  been  gained  with  the  unsteady 
effects  of  flows  resulting  from  and  within  rotating  blade  rows,  e.g.  using  high  response 
pressure  probes,  rotating  probes  and  hot  wire  anemometry. 

A  1 aser-two-f ocus-vel oc I  met er  (L2F)  was  used  as  a  first  step  In  measuring  the  unsteady  flow- 
field  downstream  of  the  rotor  within  one  stator  blade  passage.  This  nonlntruslve  measurement 
technique  allows  measurement  of  local  flow  velocity,  direction,  and  turbulence  components 
within  or  adjacent  to  rotating  blade  rows.  The  determ! nat I  on  of  density  and  pressure  (static 
or  total)  Is  still  rather  difficult  In  this  context  and  Is  therefore  omitted  In  the  present 
work. 

In  this  presentation  special  emphasis  Is  placed  on  the  determination  of  the  detailed  Inter¬ 
nal  stator  aerodynamics  and  the  stator  rotor  blade  Interaction.  This  has  required  the  omis¬ 
sion  of  many  details  of  the  measurement  technique,  with  the  attempt  being  made  to  present 
and  discuss  the  more  significant  results  which  have  been  obtained  so  far. 

However,  before  going  Into  the  details,  a  brief  description  is  given  of  the  transonic  stage,  | 

Its  redesign  ,  and  some  main  test  features. 


Single-Stage  Axial-Flow  Compressor 

The  original  machine  was  a  single-stage  axial-flow  transonic  compressor  without  inlet  guide 
vanes,  and  was  designed  for  a  total  pressure  ratio  of  1.51,  a  mass  flow  rate  of  17.3  kg/s, 
and  a  rotational  speed  of  20,260  rpm. 

The  rotor  inlet  outside  diameter  Is  400  mm  with  a  hub-to-tlp  ratio  of  0.5.  Thus,  the  design 
rotor  tip  speed  Is  425  m/s  with  a  maximum  Inlet  relative  Mach  number  of  1.37.  All  data  are 
corrected  so  as  to  be  representat I ve  of  standard  sea-level  conditions  at  the  rotor  Inlet. 

The  rotor  consists  of  28  MCA-proflle  blades,  each  with  a  tip  chord  length  of  60  mm.  The 
resulting  blade  solidities  between  1.34  and  2.0  are  considered  typical.  The  original  stator 
had  60  blades  with  NACA-65  profiles  and  circular  arc  camberlines. 

The  main  aspects  of  the  aerodynamic  design  and  various  investigations  of  the  original  stage 
using  time-averaging  measuring  techniques  are  discussed  in  detail  In  References  1  through  4. 

Detailed  optical  measurements  of  the  flow  field  within  the  transonic  rotor  have  been  per¬ 
formed  by  means  of  the  L2F-anemometer  and  are  documented  In  References  2  through  4. 

In  Reference  4  additional  measurements  of  the  unsteady  total  pressure  downstream  of  the 
rotor  between  the  blade  rows  using  high  response  pressure  probes  are  reported  and  combined 
with  1 aser-vel oc Imeter  measurements. 

The  main  features  of  the  redesigned  stator  can  be  described  as  follows: 

The  number  of  blades  was  reduced  from  60  to  31.  The  blade  chord  length  was  enlarged  from 
30  to  40  mm,  resulting  In  a  thicker  blade  profile  to  allow  the  installation  of  surface 
pressure  taps.  The  positions  of  the  blade  leading  edges  were  unchanged.  The  flowpath  of  the 
redesigned  stage  Is  shown  In  Fig.  1.  The  stator  blades  were  designed  using  five  sections 
parallel  to  the  compressor  axis.  These  sections  at  10,  30,  50,  70, and  90  percent  span  are 
Indicated  In  Fig.  1  by  circled  numbers.  Basic  design  considerations,  design  flow  parameters, 
geometric  data,  and  blade  element  parameters  are  described  In  detail  In  a  paper  recently 
published  [5].  In  that  report  the  Inverse  calculation  method,  test  results  from  a  linear 
cascade  with  equivalent  stator  blade  sections  (at  10,  50,  and  90  percent  span),  and  Investi¬ 
gations  concerning  the  overall  performance  of  the  new  stage  are  discussed. 

Therefore,  only  a  short  Introductory  selection  Is  presented  here.  •. 
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In  Fig.  2  are  presented  cascade  test  results  for  the  stator  mid-section  at  the  design  point 
condition  with  a  comparison  of  the  expe r 1  men t a  1 1 y  determined  Mach  number  distribution  and 
the  design  distribution. 

The  Inverse  calculation  method  requires  the  velocity  triangle  and  the  blade  surface  pressure 
distribution  as  input  data  for  each  blade  section.  The  blade  surface  pressure  distributions 
were  prescribed  on  the  basis  of  experience  gained  with  former  supercritical  cascade  designs. 
In  Fig.  2  Is  shown  the  equivalent  prescribed  blade  surface  Mach  number  distribution  for  the 
stator  mid-section  (termed  UKG  30.3)  and  some  geometric  and  aerodynamic  parameters.  This 
figure  Illustrates  the  correspond  1  ng  cascade  airfoil  shape  resulting  from  the  inverse  cal¬ 
culation  method . 

The  blade  suction  surface  leading-edge  region  maintains  a  continous  acceleration  up  to  the 
peak  Mach  number  at  approximately  30  percent  chord.  This  is  In  order  to  provide  a  favourable 
pressure  gradient  for  keeping  the  boundary  layer  laminar.  Diffusion  from  the  peak  Mach  num¬ 
ber  Is  controlled  on  the  rear  portion  of  the  airfoil  so  as  to  keep  the  boundary  layer  shape- 
factor  within  the  range  of  that  for  an  unseparated  turbulent  boundary  layer.  The  agreement 
between  the  experimentally  determined  Mach  number  distribution  and  the  design  distribution 
is  quite  satisfactory  In  spite  of  some  deviation  In  the  leading-edge  region.  Full  details 
of  the  cascade  test  results  are  given  in  Reference  6. 

In  Fig.  3  Is  shown  an  example  of  the  stator  blade  element  performance  within  a  turbomachine 
at  50  percent  span.  The  tota 1 -pressure  loss  coefficient  Is  plotted  versus  Inlet  flow  angle 
for  the  redesigned  airfoil  at  85,  92.5,  and  100  percent  speed  (triangles,  rectangles  and 
crosses,  respectively).  These  data  are  compared  with  the  results  of  the  original  NACA-65 
blade  section  at  100  percent  speed  (open  circles)  and  with  the  results  for  the  correspond¬ 
ing  cascade  (dashed  line  with  full  dots).  The  cascade  loss  coefficient  was  Interpolated  to 
meet  the  Inlet  Mach  number  and  AVDR  values  of  the  stage  at  design  speed. 

The  comparison  of  the  results  for  the  original  and  redesigned  blade  profiles  demonstrates  a 
substantial  reduction  of  the  blade  tota I -pressure  loss  between  choke  and  design  Incidence 
for  the  redesigned  (controlled  diffusion)  blade.  In  addition,  the  choke  line  is  slightly 
shifted  to  higher  incidence.  Beyond  the  design  Incidence  the  flow  losses  Increase  consider¬ 
ably  exceeding  even  the  NACA-65  blade  losses  and  resulting  In  a  reduced  stall  margin. 

The  cascade  results  show  a  sharp  Increase  In  the  flow  losses  near  stall  Incidence,  and  thus 
resulting  in  a  reduced  stall  margin  as  compared  with  the  compressor  results.  3-D  and  unstea¬ 
dy  flow  effects  are  believed  to  cause  the  more  gradual  Increase  In  the  losses  near  stall 
in  the  compressor  cases.  The  unsteady  effects  can  be  shown  using  the  results  obtained  from 
the  laser-anemometer  data.  This  will  be  discussed  In  a  later  section. 

Examples  of  mid-span  blade  surface  pressure  distributions  and  1 aser-vel oc I  met ry  data  for 
the  stator  will  be  presented  and  discussed  for  100  percent  speed  and  some  different  mass 
flow  rates: 

17.58  kg/s,  l.e.  blade  choking  at  high  negative  Incidence  with  a  time-averaged  Inlet 

flow  angle  of  about  116  deg.  (see  Fig.  3). 

17.3  kg/s,  l.e.  near  the  minimum  loss  conditions  at  an  Inlet  flow  angle  of  121  deg.. 

15.35  kg/s,  i.e.  blade  stall  at  high  positive  incidence  at  an  inlet  flow  angle  of  136deg.. 


Blade  Surface  Pressure  Distributions 

The  measurements  of  the  blade  surface  pressure  distributions  were  performed  at  design  and 
off-design  operating  conditions  for  all  five  blade  sections  Involved  In  the  redesign  pro¬ 
cess,  l.e.  10,  30,  50,  70,  and  90  percent  span.  In  order  to  Install  as  many  surface  press¬ 
ure  taps  as  possible,  the  blade  thickness  and  the  blade  chord  length  were  enlarged.  The  re¬ 
sulting  stator  blades  contained  up  to  19  taps  on  a  given  side  from  the  leading  edge  to  60 
percent  chord. 

In  Figs.  4  through  7  related  blade  surface  pressures  versus  percent  chord  are  shown.  The 
absolute  values  of  the  static  pressures  depend  on  the  blade  Inlet  total  conditions  which 
are  essentially  different  for  both  the  cascade  and  stage  tests.  Therefore,  the  absolute  sta¬ 
tic  -pressure  at  45  percent  chord  on  the  blade  pressure  side  was  selected  as  the  reference 
value  for  comparing  the  distributions.  Fig.  4  Illustrates  the  pressure  distribution  for 
the  stator  mid-section  with  the  compressor  mass  flow  adjusted  to  the  design  value.  The 
stage  results  (open  circles)  are  compared  to  the  cascade  test  results  (triangles).  The 
comparison  Is  quite  good  except  for  the  Increased  acceleration  of  the  compressor  stator 
flow  near  the  leading  edge  on  the  suction  surface.  It  Is  believed  that  due  to  unexpected 
changes  in  rotor  throttling  the  actual  stator  Inlet  parameter  values,  particularly  the  In¬ 
let  flow  angle,  might  be  different  than  the  design  values  (based  on  the  rotor  performance 
In  conjunction  with  the  original  stator).  The  data  obtained  using  conventional  time-avera¬ 
ging  probes  revealed  a  stator  Inlet  flow  angle  change  of  about  4  deg.  at  the  mid-section, 
l.e.  In  going  from  the  original  to  the  new  stator.  The  design  flow  angle  Is  128.5  deg., 
whereas  the  actual  flow  angle  value  corresponding  to  design  mass-flow  Is  about  124.5  deg. 
(see  Fig.  3). 

In  Fig.  5  Is  shown  the  pressure  distribution  corresponding  to  higher  negative  Incidence 
(mass  flow  rate  =  17.3  kg/s).  These  results  are  compared  to  the  cascade  results  for  the 
design  condition.  Here,  too,  no  boundary  layer  separation  can  be  noticed  along  the  chord 
as  far  as  the  pressure  taps  are  Installed.  Separation  Is  not  expected  since  this  operating 
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point  Is  associated  with  the  near  minimum  loss  condition  for  the  mid-section  Csee  Fig.  3). 

In  Fig.  6  are  presented  data  for  the  stage  near  choking  (mass  flow  rate  =  17.58  kg/s). 
Clearly,  a  typical  distribution  for  high  nega t I ve- I nc I dence  flow  can  be  Identified. 

The  pressure  distribution  corresponding  to  the  near  blade-stall  condition  at  high  positive 
Incidence  (mass  flow  rate  =  15.35  kg/s)  Is  shown  In  Fig.  7.  Here  boundary  layer  separation 
Is  indicated  by  the  subsiding  suction  surface  pressures  at  about  45  percent  chord.  Since 
the  measured  static  pressures  within  the  stator  row  represent  mean  values,  which  are 
undoubtedly  affected  by  the  unsteady  through-flow.  It  Is  remarkable  that  this  effect  Is 
so  clearly  apparent.  In  addlton,  the  1 aser-ve 1 oc I  met ry  data  will  prove  the  boundary  layer 
separation  at  this  operating  point. 


Laser  Measurements 

The  experimental  work  on  the  modified  transonic  compressor  was  extended  by  using  a  L2F-ane- 
mometer  to  make  nonlntruslve  measurements.  These  detailed  measurements  were  performed  down¬ 
stream  of  the  high  speed  rotor  at  locations  between  the  blade  rows,  within  the  stator  row 
and  behind  the  stator  row.  These  locations  were  near  to  and  within  one  single  stator  blade 
passage  which  had  been  selected  for  the  measurements. 

The  periodically  varying  absolute  flow  velocity  vectors  within  the  stator  row  were  studied 
at  design  speed  for  different  operating  conditions.  These  Investigations  were  used  to  de¬ 
termine  the  three-d imens i ona I  periodically  unsteady  flow  field  downstream  of  the  rotor  both 
qualitatively  and  quantitatively.  It  should  be  emphasized  that  these  flow  processes  occur 
very  rapidly  due  to  the  rotor  passing  frequency  of  approximately  10  KHz  (rotor  design  speed 
20,260  rpm). 


The  operating  principles  of  the  L2F-anemometer  used  Is  well  documented  In  the  literature 
[71.  Only  some  special  features  are  mentioned  here  concerning  the  application  of  the  ane¬ 
mometer  to  the  study  of  rotor  stator  I nte ract 1 ons  . 

An  important  point  worth  noting  Is  that  1 ase r-ve 1 oc I  met er  measurements  are  always  performed 
In  the  absolute  system,  even  within  rotating  components. 

The  flow  field  within  a  distinct  stator  blade  passage  varies  periodically  at  the  rotor  blade 
passing  frequency.  The  measurements  downstream  of  the  rotor  were  therefore  made  for  differ¬ 
ent  rotor  blade  positions  determined  by  equally  dividing  one  rotor  blade  pitch  Into  16  Inter¬ 
vals.  The  data  were  obtained  as  each  rotor  blade  passed  the  measurement  region,  and  not  on¬ 
ly  as  the  same  rotor  blade  passed. 

In  order  to  cover  a  complete  stator  blade  passage  the  window  In  the  casing  was  staggered. 

Each  spatial  location  can  be  reached  by  displacing  the  velocimeter  In  a  cartesian  coordi¬ 
nate  system.  The  flow  velocity  and  direction  are  evaluated  only  in  a  plane  normal  to  the 
laser-beams'  axis.  The  flow  component  parallel  to  the  laser  axis  cannot  be  determined  with 
this  anemometer. 

Examples  of  axial  and  circumferential  measurement  point  locations  for  the  stator  mid-span 
(open  circles)  are  shown  In  Figs.  8  and  9.  The  relative  position  of  the  rotor  blades  with 
respect  to  the  stator  measurement  passage  Is  also  shown  In  these  figures,  with  the  rotor 
in  the  first  position.  In  order  to  simplify  the  displacement  of  the  anemometer,  the  mea¬ 
surement  plane  was  made  parallel  to  the  compressor  axis. 

In  Fig.  8  are  shown  the  measurement  locations  for  the  case  of  neai — stall  operation  (mass 
flow  rate  =  15.35  kg/s).  The  region  without  measurement  locations  near  the  rear  portion 
of  the  suction  surface  Is  of  particular  Interest.  Here,  no  measurements  were  made  because 
of  an  excessive  data  acquisition  time  coupled  with  a  relatively  high  uncertainty  In  the 
results.  For  this  operating  condition  blade  boundary  layer  separation  Is  Indicated  (see 
Fig.  7). 

In  Fig.  9  is  shown  the  distribution  of  measurement  locations  for  measurements  made  near 
the  stage  choke  margin  (mass  flow  rate  =  17.58  kg/s). 

Analog  measurments  as  Illustrated  In  Figs.  8  and  9  were  made  near  hub  and  casing  at  10  and 
90  percent  span,  respectively,  too. 

It  can  now  be  appreciated  that  stator  Investigations  of  this  kind  pose  a  special  problem. 
Namely,  the  flows  Involved  are  three-dimensional  and  transient,  l.e.  the  problem  Is  actually 
four-d Imens I ona 1 .  A  complex  test  procedure  as  well  as  special  computer  programs  were  re¬ 
quired  to  achlve  compatible  results,  which  were  then  combined  to  give  a  meaningful  and 
conclusive  Idea  of  the  stator  through-flow. 

Only  a  brief  selection  of  the  many  results  obtained  from  this  research  effort  can  be  pre¬ 
sented  In  this  paper.  These  results  concern  only  the  stator  mid-span  flow,  but  It  is  be¬ 
lieved  that  some  essential  flow  phenomena  can  be  shown. 

Some  distributions  of  the  turbulence  Intensity  at  mid-span  are  Illustrated  In  Figs.  10 
through  12.  The  data  were  obtained  for  a  mass  flow  rate  of  17.3  kg/s  at  design  speed  and 
are  presented  for  three  rotor  blade  positions  which  differ  by  approximately  one  third  of 
the  rotor  blade  pitch. 

As  mentioned  before  this  operating  point  Is  associated  with  near  minimum  loss  condition 
for  the  mid-section. 

Also,  In  the  course  of  analysing  the  results  It  appeared  that  the  turbulence  Intensity, 
both  parallel  as  well  as  normal  to  the  temporary  local  main  flow  direction,  was  most  appro¬ 
priate  for  exhibiting  the  movement  of  rotor  blade  wakes  through  the  stator  blade  passage. 
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A  picture  of  the  Instantaneous  stator  through-flow  at  a  particular  rotor  blade  position  Is 
shown  In  Fig.  10.  The  rotor  blade  wakes  are  visible  as  areas  of  Increased  turbulence  inten¬ 
sity.  Between  the  wakes  the  turbulence  Intensity  (Tpar)  goes  below  3  percent. 

By  viewing  all  three  figures  (Figs.  10,  11,  and  12)  In  sequence  It  can  be  seen,  that  the 
rotor  blade  wakes  move  downstream  through  the  stator  blade  passage  with  the  progressive 
movement  of  the  corresponding  rotor  blades.  Simultaneously  these  "wake  segments"  become 
wider  due  to  mixing  and  are  rotated  due  to  the  mean  velocity  difference  between  the  stator 
blade  suction  and  pressure  sides.  In  these  examples  there  appears  to  be  no  shifting  of  rotor 
wake  fluid  towards  the  stator  blade  pressure  side  as  the  wakes  move  through  the  passage. 

Similar  "instantaneous"  pictures  for  different  stage  operating  conditions  (same  rotor  posi¬ 
tion  as  In  Fig.  1 1)  are  shown  In  Figs.  13  through  15,  here  again  by  means  of  the  turbulence 
Intensity  parallel  to  the  temporary  local  main  flow  direction. 

The  data  presented  in  Fig.  13  were  obtained  at  the  near  choke  condition  of  the  stage,  where 
for  the  stator  mid-section  this  corresponds  to  a  high  negative  Incidence  angle  (see  Fig.  3). 
The  data  shown  In  Figs.  14  and  15  are  for  operating  points  with  high  pos 1 1 1 ve-stator- 1 nc I - 
dence  angles.  Of  particular  Interest  are  Figs.  13  and  15  In  conjunction  with  the  correspond¬ 
ing  Figs.  7  and  8.  The  resulting  blade  turbulent  boundary  layer  separation  from  Increasing 
blade  loading  (Figs.  8  and  15)  can  be  Identified  by  the  Increase  In  turbulence  Intensity 
In  both  magnitude  and  extent  near  the  suction  surface  from  about  50  to  100  percent  chord 
(compare  Figs.  13  and  15).  This  boundary  layer  separation  can  also  be  clearly  seen  from 
Fig.  14. 

Further  remarkable  phenomena  are  apparent  In  Figs.  10  through  15.  In  particular,  the  figures 
show  well-defined  regions  of  higher  turbulence  Intensity  within  each  rotor  blade  wake. 

The  regularity  of  these  regions  might  Indicate  vortex  like  structures,  possibly  being  shed 
periodically  from  the  rotor  blade  or  forming  within  the  wake  Itself.  A  more  detailed  fre¬ 
quency  analysis  of  this  process,  taking  into  account  the  applied  measurement  technique  and 
procedure.  Indicates  that  the  formation  of  these  structures  Is  possibly  triggered  from 
rotor  stator  blade  Interaction,  l.e.  the  frequency  of  vortex  shedding  Is  "In-phase"  with 
the  stator  blade  passing  frequency  with  respect  to  the  rotor.  A  periodic  unsteady  flow  can 
be  viewed  from  either  a  relative  or  absolute  frame  of  reference.  For  example,  an  observer 
on  the  (upstream)  rotor  feels  a  periodic  Influence  from  the  (downstream)  stator  blades  (If 
the  axial  flow  velocity  component  Is  subsonic),  whereas  an  observer  within  the  stator  feels 
the  periodic  unsteadiness  from  the  rotor  (upstream)  blades.  The  former  case  (rotor  frame  of 
reference)  can  be  only  a  potential  flow  effect,  while  the  latter  Includes  both  potential 
and  viscous  flow  effects. 

Lastly,  In  Figs.  16  through  18  are  illustrated  the  bl ade-to-b I ade  distributions  of  the 
Instantaneous  absolute  flow  velocity  (non-d (mens! onal I  zed  using  the  rotor  tip  speed)  at 
three  rotor  positions  (same  positions  as  In  Figs.  10  through  12).  These  experimental  results 
pertain  again  to  the  stator  mid-section  and  the  near  minimum-loss  condition.  No  unusual  flow 
behaviour  can  be  observed  In  these  figures.  One  can  clearly  Identify  the  stagnation  region 
ahead  of  the  stator  blades,  the  area  of  flow  acceleration  near  the  suction  surface,  the  well 
known  velocity  decrease  towards  the  pressure  side,  and  the  flow  diffusion  between  the  Inlet 
and  outlet  of  the  stator  blade  row. 

By  examining  Figs.  16  through  18  In  sequence  the  variations  In  stator  through-flow  at  pro¬ 
gressive  rotor  positions  can  be  seen.  They  can  be  particularly  Identified  within  the  vici¬ 
nity  of  the  blade  suction  surface.  The  high  frequency  of  these  flow  variations  (approxi¬ 
mately  10  kHz)  does  not  produce  an  unregularly  disturbed  flow.  It  appears  that  the  entire 
stator  passage  flow  Is  dominated  In  a  quasi-steady  manner  by  the  potential  flow  field 
Induced  by  the  stator  blades. 

An  analogy  to  unsteady  single  airfoil  aerodynamics  seems  to  be  appropriate.  This  can  be 
proved  by  further  analysis  of  the  results.  This  analysis,  however.  Is  to  be  presented  in 
another  publication. 


Summary 

The  stator  row  of  an  existing  single-stage  transonic  axial-flow  compressor  was  modified  by 
applying  a  design  method  typically  used  for  subsonic  controlled  diffusion  blades.  In  order 
to  verify  the  design  concept  both  cascade  and  compressor  stage  tests  were  performed  using 
conventional  time-averaging  probes. 

8!ade  surface  pressure  distributions  were  measured  at  the  five  design  sections  of  the  stator 
for  comparison  with  corresponding  cascade  results. 

The  test  data  show  that  the  modified  stator  airfoils  operated  efficiently,  over  a  wide  range 
of  aerodynamic  conditions  resulting  In  low  losses,  and  that  an  attached  suction  surface 
boundary  layer  could  be  obtained.  At  high  positive  stator  Incidence  angles  a  turbulent 
boundary  layer  separation  could  be  observed. 

Laser-velocimetry  (L2F)  measurements  were  performed  In  order  to  Investigate  rotor  stator 
Interaction  effects  and  the  flow  diffusion  within  the  stator  row.  The  results  for  differ¬ 
ent  operating  conditions  at  design  speed  gave  some  Insight  Into  the  unsteady  stator  through- 
flow  behaviour,  and  In  particular  allowed.  Identification  of  the  rotor  blade  wakes.  These 
data  might  possibly  form  a  reliable  basis  for  a  better  empirical  understanding  of  unsteady 
flow  effects  In  turbomachines,  e.g.  the  Influence  on  stage  efficiency  of  the  number  of 
blades  and  the  axial  spacing  between  blade  rows. 
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Fig.  4: 

Blade  surface  pressure  dis¬ 
tribution  versus  chordlength 
for  stator  blade  mid-section 
with  reference  static  press¬ 
ure  at  45  percent  chord  for 
cascade  and  stage  tests 
each,  design  mass  flow: 

17.15  kg/s 


„  s  cascade  UKG  0303  oistator  section  UKS030  3 
0,  =  128  5°  Wade  height  SOStlmiddte) 

M„,.  06005  n.100*/.  nD.n0.  20260  rpm 

ritr#d  -  17. 3  kg /s 


Fig.  6: 

as  fig.  4, but  mass  flow: 
17.58  kg/s 


Fig.  5: 

as  fig.  4,  but  mass  flow: 
17.3  kg/s 
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Fig.  10: 

Distribution  of  turbulence  in¬ 
tensity  parallel  to  local  tem¬ 
porary  main  flow  direction 
(Tpar)  within  one  stator 
blade  passage;  mass  flow: 

17.3  kg/s 
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Fig.  1 1  : 

Distribution  of  turbulence  in¬ 
tensity  (Tpar)  as  in  fig.  10, 
but  at  altered  rotor  blade 
setting  by  1 / 3  rotor  blade 
pitch 


Fig.  12: 

Distribution  of  turbulence 
intensity  (Tpar)  as  in  fig. 
10,  but  at  altered  rotor 
blade  setting  by  2/3  rotor 
blade  pitch 
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II 

Fig.  13: 

Distribution  of  turbulence 
intensity  (Tpar)  as  in  fig. 

11,  but  for  a  mass  flow: 

17.58  kg/s 
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Fig.  14: 

as  fig.  13,  but  for  a  mass 
flow:  15.93  kg/s 
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DISCUSSION 


R.I. Lewis,  UK 

Needless  to  say,  the  vortex  patterns  in  the  last  few  figures  can’t  be  left  without  comments  from  me.  It’s  very 
interesting  to  see  these  pictures  that  you  described  as  pictures  of  turbulence  intensity.  1  wonder  whether  they 
are  that  or  whether  they  are,  as  you  say,  possibly  vortex  streets.  Looking  at  them  there  are  two  points  one  could 
make:  first  of  all,  I  think  you  could  actually  calculate  the  frequency  of  these  little  islands  of  turbulence,  get  a 
Strouhal  number  from  it  and  compare  that  with  the  blade  passing  frequency.  I  don’t  know  whether  you  have  tried 
to  do  that.  And  then,  secondly,  from  most  of  the  figures  you  can  see  that  the  diffusion  effect  of  the  stator  seems 
to  diminish  the  intensity  of  these  islands  of  vorticity,  if  that’s  what  they  are,  as  they  pass  through.  I  think  that 
probably  is  what  one  would  expect.  If  they  were  vortices  there  would  be  viscous  diffusion  going  on  and  if  the  flow 
is  decelerating,  I  think  that  probably  would  augment  the  spread  of  the  vortex.  If  in  fact  it  is  a  vortex  shedding  and  it 
is  not  connected  with  the  blade  passing  frequency,  then  it  looks  as  if  there’s  something  there  that  should  be 
investigated  in  a  bit  more  detail.  Maybe  there  is  some  other  problem  to  do  with  trailing  edge  flows  in  your  transonic 
rotor  that  really  should  be  taken  care  of. 

Author’s  Reply 

I’ve  been  a  little  bit  cautious.  I  said  in  my  presentation  “vortex-like  structures’’.  I’m  not  totally  sure  about  that,  if 
they  are  vorticities  or  vortexes.  But,  at  the  time,  we  thought  a  lot  about  that  problem  and  at  first  we  didn’t  believe 
those  things  when  we  made  the  measurement  series  or  when  we  had  such  a  lot  of  different  operating  conditions  and 
always  we  saw  these  particular  regions.  Then  we  tried  to  understand  why  that  happens  and  at  first  we  asked  our 
measurement  technique,  is  it  correct?  And  we  came  to  the  conclusion  that  it  must  be  correct.  If  there  is  not  some¬ 
thing  like  a  vortex,  then  there  would  be  a  random  signal  or  a  noise  signal  in  our  velocity  distributions. 
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COMPRESSOR  ROTOR  AERODYNAMICS 


Robert  P.  Dring,  Manager  Gas  Turbine  Technology 
H.  David  Joslyn,  Research  Engineer 
Joel  H.  Wagner,  Research  Engineer 
United  Technologies  Research  Center 
East  Hartford,  Connecticut  06108  U.S.A. 


SUMMARY 

^Although  the  numerical  sophistication  of  multi-stage  turbomachinery  through-flow  cal¬ 
culations  has  evolved  to  a  very  high  level,  the  aerodynamic  inputs  of  total  pressure  loss9 
deviation  and  blockage  are  subject  to  a  high  degree  of  empiricism.  There  is^?need  for 
detailed  flow  field  data  in  a  multi-stage  environment  in  order  to  bring  some  discipline  to 
this  important  aspect  of  turbomachinery  design.  This  paper  presents  a  survey  of  some  of 
the  initial  results  of  an  in-depth  investigation  of  the  aerodynamics  of  the  secop^ stage 
of  a  large  scale  two-stage  axial  compressor.  The  second  stage  rotor  data  will  wap compared 
with  data  obtained  on  an  isolated  rotor  with  very  thin  and  then  very  thick  inlet  hub  and 
tip  boundary  layers.  The  single  and  multi-stage  rotor  data  presented  *flere> include  surface 
flow  visualization  and  rotating  frame  radial/circumferential  traverse  measurements  presented 
in  the  form  of  fullspan  contour  plots  of  rotary  total  pressure.  Also  presented  are  the 
spanwise  distributions  of  loss,  deviation  and  blockage.  Some  implications  of  these  results 
for  through-flow  analyses  are  discussed. 


► 


INTRODUCTION 

The  "through-flow"  analysis  in  compressor  (and  turbine)  design  is  a  two-dimensional, 
axisymmetric  calculation  describing  the  spanwise  variation  of  the  flow  at  streamwise  loca¬ 
tions  both  within  and  between  blade  rows  from  the  inlet  of  the  compressor  to  its  discharge. 
The  analysis  is  used  both  to  determine  rotor  and  stator  metal  angles  for  optimum  design 
point  performance  (based  on  various  criteria  for  optimum  incidence  and  deviation)  and  to 
predict  off-design  performance  and  the  approach  to  stall  or  choking.  It  is  a  fairly  well 
recognized  fact  that  the  limiting  feature  in  the  accuracy  of  a  through-flow  analysis  is 
not  so  much  in  the  numerics  but  rather  in  the  aerodynamic  data  that  the  analysis  requires 
as  input.  This  observation  has  also  been  made  in  at  least  two  prior  AGARD  reports  (Refs. 

1  and  2) .  Specifically,  it  was  observed  that  there  "was  a  lack  of  reliable  and  publicly 
available  data  especially  for  multi-stage  compressors". 

In  recognition  of  this  state  of  affairs,  since  1977  the  UTRC  Large  Scale  Rotating  Rig 
(LSRR)  has  been  engaged  in  obtaining  detailed  data  of  high  quality  in  the  flows  over  iso¬ 
lated  compressor  rotors  and  in  a  multi-stage  compressor  environment.  The  objectives  of 
this  program  include  (1)  gaining  a  better  physical  understanding  and  providing  a  basis  for 
improved  analytical  models  for  the  complex  three-dimensional  flows  present  in  compressor 
blade  rows,  and  (2)  conducting  detailed  comparisons  between  measured  and  computed  results 
both  on  a  blade-to-blade  basis  and  on  a  through-flow  basis.  To  date  this  combined  experi¬ 
mental  and  analytical  program  has  included:  (1)  an  isolated  rotor  with  thin  inlet  boun¬ 
dary  layers  U  =  5  to  10*  span)  on  the  hub  and  casing  (Refs.  3  and  4),  (2)  the  same  rotor 
with  thick  inlet  boundary  layers  (s  ^  37*  span)  on  the  hub  and  casing  (Ref.  5),  and  (3)  a 
two  stage  compressor.  Each  one  of  these  test  programs  includes  a  large  amount  of  detailed, 
high  quality  data  taken  on  the  airfoils  and  in  the  flows  downstream  of  the  airfoils. 

This  paper  presents  a  survey  of  some  of  the  results  obtained  in  these  three  test  pro¬ 
grams.  The  data  to  be  presented  for  each  of  the  three  rotor  tests  includes:  surface  flow 
visualization  on  the  airfoil  and  on  the  endwall,  rotating  frame  radial-circumferential 
traverse  measurements  presented  in  the  form  of  fullspan  contour  plots  of  rotary  total  pres¬ 
sure,  and  spanwise  distributions  of  mass  averaged  total  pressure  loss,  inlet  and  exit  flow 
angle  and  blockage.  The  results  for  the  three  rotors  will  be  compared  and  their  implica¬ 
tions  so  far  as  through-flow  analyses  are  concerned  will  be  discussed. 

Of  particular  significance  in  this  regard  is  the  concept  of  blockage.  Considering  its 
pivotal  role  in  compressor  through-flow  analysis,  blockage  has  been  the  subject  of  remark¬ 
ably  little  discussion  in  the  literature.  The  concept  of  blockage  is  an  empirical  attempt 
on  the  part  of  the  compressor  analyst  to  account  for  the  difference  in  a  through-flow  ana¬ 
lysis  between  mass  averaged  quantities  (such  as  work)  and  area  averaged  quantities  (such  as 
mass  flow) .  Historically,  blockage  has  been  based  on  rough  estimates  reflecting  past  ex¬ 
perience  and  little  or  no  direct  physical  measurement.  It  has  been  deduced  analytically 
from  previous  compressor  test  results.  Errors  in  estimated  blockage  are  one  of  the  primary 
reasons  for  compressors  initially  not  achieving  their  design  goals  of  flow,  pressure  rise 
and  efficiency. 

Because  of  the  highly  detailed  nature  of  the  results  that  can  be  obtained  in  both  the 
rotating  and  stationary  frames  of  reference  in  the  UTRC  LSRR  blockage  can  be  calculated 
directly  from  the  data.  The  results  clearly  indicate  the  sites  and  magnitudes  of  the  major 
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contributions  to  blockage  (i.e.,  corner  stall  and  casing  boundary  layer  flow)  and,  as  such, 
they  provide  a  unique  basis  for  an  analytical  explanation  and  representation  of  this  pheno¬ 
mena. 


EXPERIMENTAL  FACILITY  AND  INSTRUMENTATION 

The  United  Technologies  Research  Center  Large  Scale  Rotating  Rig  (LSRR)  is  5-ft  (1.52 
m)  in  diameter  and  can  run  at  speeds  up  to  900  rpm.  The  inlet  flow  is  from  ambient  room 
air  and  the  flow  through  the  facility  is  essentially  incompressible.  More  detailed  descrip¬ 
tions  of  the  rig  and  its  data  acquisition  system  are  available  in  Refs.  4  and  6. 

The  airfoil  geometry  and  the  aerodynamic  test  conditions  for  both  the  isolated  com¬ 
pressor  rotor  and  the  two  stage  compressor  rotor  are  summarized  in  Table  I.  The  isolated 
rotor  had  a  6  inch  (0.152  m)  chord  (B)  and  was  tested  both  with  thin  inlet  hub  and  casing 
boundary  layers  (<hub  =  5X  span  and  «tip  =  span)  and  with  thick  inlet  hub  and  casing 
boundary  layers  (<hub  =  ®tip  =  37*  span).  The  results  of  these  two  test  programs  are  pre-  n 

sented  in  detail  in  Refs.  3  and  4  for  the  thin  case  and  in  Ref.  5  for  the  thick  case.  The 
absolute  inlet  flow  in  both  cases  was  axial.  The  second  stage  rotor  tested  in  the  two 
stage  compressor  had  a  4  inch  (0.102  m)  chord  and  its  inlet  conditions  were  determined  by 
the  flow  leaving  the  first  stage  stator. 

The  present  discussion  is  limited  to  the  data  taken  when  both  rotors  were  being  ope¬ 
rated  at  their  nominal  design  flow  coefficients  (4).  These  are  0.85  for  the  isolated  rotor 
and  0.51  for  the  two  stage  rotor.  These  flow  coefficients  are  based  on  the  area  averaged 
Cx  and  the  wheel  speed  at  midspan  (Um) .  The  flow  coefficients  that  will  be  quoted  for  the 
isolated  rotor  with  the  thin  inlet  boundary  layer  will  be  based  on  midspan  Cx  at  the  inlet 
which  is  2  percent  greater  than  the  area  average.  This  is  done  in  order  to  be  consistent 
with  all  of  the  results  presented  in  Refs.  3  and  4  where  the  inlet  midspan  Cx  was  used. 

The  major  differences  between  the  isolated  and  two  stage  rotors  are  in  their  nominal 
design  flow  coefficients  (0.85  and  0.51),  their  stalling  flow  coefficients  (approximately 
0.6  and  0.44),  their  aspect  ratios  (1.0  and  1.5)  and  their  tip  clearance  to  chord  ratios 
(0.016  and  0.039) . 

The  technique  used  to  obtain  the  airfoil  and  endwall  surface  flow  visualization  has 
been  discussed  and  demonstrated  previously  in  Refs.  3,  4,  5  and  6.  In  brief,  it  consisted 
of  seeping  a  small  amount  of  ammonia  out  of  one  of  the  airfoil  surface  static  pressure  taps. 

The  ammonia  caused  a  dark  blue  streak  line  to  form  on  Ozalid  paper  attached  to  the  surface 
downstream  of  the  pressure  tap.  The  technique  is  particularly  well  suited  to  the  rotating 
frame  of  reference. 

The  rotating  frame  radial-circumferential  traverse  system  has  also  been  described 
earlier  in  Refs.  4  and  6  and  is  shown  in  some  detail  in  Ref.  3.  The  device  can  traverse 
circumferentially  over  two  blade  pitches  and  radially  from  hub  to  tip.  In  the  present  pro¬ 
grams  data  was  acquired  from  5  percent  span  to  97  percent  span.  The  traverse  can  be  located 
at  various  positions  (AX/Bx)  downstream  of  the  rotor  (as  in  Ref.  4).  For  the  present  pro¬ 
gram,  however,  at  midspan  the  traverse  was  30  percent  of  the  rotor  axial  chord  axially 
downstream  of  the  Isolated  rotor.  For  the  two  stage  rotor  it  was  located  25  percent  down¬ 
stream,  midway  between  the  rotor  trailing  edge  and  the  second  stator  leading  edge.  These 
locations  were  chosen  based  on  mechanical  constraints  (i.e.,  the  two  stage  rotor-stator 
axial  gap)  and  on  aerodynamic  constraints.  Aerodynamically  it  was  desirable  to  have  the 
traverse  close  to  the  trailing  edge  to  show  detail  in  the  flow  and  not  so  close  as  to  be 
in  any  locally  stalled  region  as  occurred  for  the  isolated  rotor  at  a  traverse  location 
only  10  percent  downstream  (Ref.  4) . 

The  traverse  probe  used  was  a  United  Sensor  five  hole  probe  (USC-F-152)  modified  to 
include  a  cobra  probe  for  traversing  very  close  to  the  hub.  The  probe  tip  was  small  rela¬ 
tive  to  the  flow  field  (Dia.  =  0.093  inches,  2.4  mm).  The  probe  was  operated  in  a  computer 
controlled  yaw  nulling  mode.  Data  was  acquired  at  approximately  20  radial  locations  and  at 
typically  50  circumferential  locations  for  1000  measurement  sites  per  plane.  Measurement 
locations  were  concentrated  in  the  hub  and  tip  endwall  regions  and  in  the  airfoil  wake. 


FLOW  VISUALIZATION 

The  results  of  the  surface  flow  visualization  will  be  discussed  first,  before  any  of 
the  detailed  traverse  data,  in  order  to  provide  some  physical  insight  into  the  nature  of 
the  flows  in  the  three  rotor  tests.  Generally  speaking  there  were  many  very  similar  fea¬ 
tures  in  the  three  flow  visualisation  results  (Figs.  1,  2  and  3) .  The  suction  surfaces 
were  very  nearly  two-dimensional  in  nature  over  much  of  their  area.  The  major  departure 
from  two-dimensionality  is  the  corner  stall  region  present  in  all  three  tests. 

The  corner  stall  region  for  the  two  isolated  rotor  tests  (thin  and  thick  inlet  boun¬ 
dary  layers)  are  very  similar  in  size  and  shape.  The  flow  in  the  stalled  region  is  gene¬ 
rally  outward  (toward  the  tip)  and  there  is  a  region  of  reversed  flow  out  to  about  25  per¬ 
cent  span.  The  corner  stall  region  begins  slightly  downstream  of  midchord  and  it  displaces 
the  profile  boundary  layer  outward  (toward  the  tip)  to  about  midspan  (a  distance  of  about 
50%  chord  from  the  endwall) .  The  corner  stall  region  on  the  two  stage  rotor  was  slightly 
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smaller,  starting  slightly  aft  of  midchord,  but  it  displaced  the  profile  boundary  layer 
outward  a  distance  somewhat  larger  than  half  the  chord.  Note  that  these  comparisons  of  the 
nature  of  the  corner  stall  region  are  at  the  nominal  design  flow  coefficients  and  that 
their  spanwise  and  chordwise  extent  will  be  a  strong  function  of  loading  (Ref.  4) .  The 
spanwise  extent  of  the  corner  stall  region  will  depend  on  the  relative  "health"  of  the 
suction  surface  boundary  layer  above  it.  The  spanwise  extent  will  increase  as  boundary 
layer  separation  is  approached.  Low  momentum  fluid  in  the  hub  stall  regions  tends  to  be 
centrifuged  toward  the  tip  and  can  eventually  reach  the  tip  (Ref.  4) . 

The  tip  region  of  the  suction  surface  has  a  weak  outflow  due  to  the  leakage  flow  over 
the  tip  entraining  the  suction  surface  flow.  There  is,  however,  no  evidence  of  a  strong 
suction  surface  corner  stall  at  the  tip.  This  is  consistent  with  the  results  of  Ref.  7 
(Plate  5)  where  it  was  observed  that  the  tip  clearance  flow  tends  to  "wash  away"  the 
corner  stall.  It  was  observed  in  Ref.  7  that  a  clearance  to  chord  ratio  of  0.04  was  opti¬ 
mum  in  terms  of  minimizing  the  extent  of  the  corner  stall  region.  This  is  very  close  to 
the  relatively  large  clearance  to  chord  ratio  of  the  two  stage  rotor  (Table  I) . 

The  pressure  surfaces  of  the  three  rotors  were  very  nearly  two  dimensional  (collate¬ 
ral)  over  most  of  the  airfoil.  The  radial  component  of  surface  flow  was  small  except  in 
the  immediate  vicinity  of  the  tip.  Here  there  was  a  weak  radial  outflow  due  to  leakage 
and  no  indication  of  a  scraping  vortex  (i.e.,  flow  toward  the  hub). 

On  the  hub  the  effects  of  secondary  flow  in  the  endwall  boundary  layer  were  minimal. 
The  endwall  flows  were  nearly  collateral  with  a  trajectory  close  to  the  airfoil  mean  cam¬ 
ber  line.  The  corner  stall  region  had  no  significant  impact  on  the  hub  endwall  boundary 
layer. 

In  conclusion,  the  flow  visualization  results  indicate  that  the  major  departures  from 
what  would  be  otherwise  highly  two-dimensional  boundary  layer  flow,  are  due  to  the  corner 
stall  region  at  the  hub  and  to  the  leakage  flow  at  the  tip. 


CONTOURS  OF  ROTARY  TOTAL  PRESSURE 

Contour  plots  of  rotary  total  pressure  measured  in  the  flow  downstream  of  the  three 
rotors  are  shown  in  Figs.  4,  5  and  6.  The  data  for  the  isolated  rotor  with  the  thin  inlet 
boundary  layers  covers  1.32  pitches.  The  data  for  the  thick  inlet  boundary  layer  and  for 
the  two  stage  rotor  covers  two  pitches.  Recall  that  for  the  two  isolated  rotor  tests  the 
traverse  plane  was  30  percent  aft  of  the  rotor  and  that  for  the  two  stage  test  it  was  25 
percent  aft.  In  all  cases  the  suction  surface  side  of  the  wake  is  to  the  left  and  the 
pressure  surface  side  of  the  wake  is  to  the  right. 

Rotary  total  pressure  is  defined  as  follows: 

Pt,  rot  2  p  +  4p(W2-u2)  =  PTabs  -  puce  (1) 

where  W,  U  and  C9  are  the  relative  flow  speed,  the  wheel  speed  and  the  absolute  swirl  velo¬ 
city,  respectively.  Rotary  total  pressure  was  chosen  for  the  present  discussions  since 
(unlike  relative  total  pressure)  for  inviscid  flow  it  is  invariant  with  radius  change  along 
a  stream  line  in  the  rotating  frame  of  reference.  It  is  also  desirable  to  look  at  rotary 
total  pressure  from  the  point  of  view  of  secondary  flow.  For  flow  with  uniform  density, 
gradients  in  rotary  total  pressure  are  the  driving  potential  for  secondary  flow  in  the 
rotating  frame  of  reference  in  the  same  manner  as  gradients  in  absolute  total  pressure  are 
the  driving  potential  for  secondary  flow  in  the  stationary  frame  of  reference  (Ref.  8). 

The  increment  between  the  values  of  the  rotary  total  pressure  on  the  various  contours  has 
been  normalized  by  a  dynamic  pressure  based  on  wheel  speed  at  midspan. 

For  the  isolated  rotor  with  the  thin  inlet  boundary  layer  (Fig.  4)  there  is  a  large 
"free  stream"  region  of  constant  rotary  total  pressure  between  the  wakes  and  the  endwalls. 
This  is  present  due  to  the  thinness  of  the  inlet  boundary  layers  (4=5  and  10*  span)  and 
the  constant  absolute  total  pressure  in  the  inlet  core  flow  region.  The  contours  for  the 
isolated  rotor  with  the  thick  inlet  boundary  layers  (Fig.  5)  are  quite  different.  The  cir¬ 
cumferential  contours  in  the  free  stream  region  between  the  wakes  and  the  endwalls  are  due 
to  the  radial  gradients  in  absolute  total  pressure  in  the  thick  boundary  layers  (6  =  37* 
span)  in  the  fluid  entering  the  rotor.  For  the  two  stage  rotor  (Fig.  6)  the  contours  in 
the  free  stream  region  are  due  to  the  upstream  inlet  guide  vane,  rotor  and  stator,  com¬ 
paratively  speaking,  however,  the  flow  in  the  free  stream  region  has  a  relatively  uniform 
rotary  total  pressure.  In  general,  many  of  the  same  features  can  be  seen  in  varying  magni¬ 
tude  in  all  three  rotor  exit  flow  fields. 

At  the  hub,  the  data  for  both  isolated  rotor  tests  (Figs.  4  and  5)  show  little  evidence 
of  Bernoulli  surface  rotation  due  to  secondary  flow.  The  streamwise  component  of  vorti- 
city  generated  by  turning  the  flow  is  insufficient  to  overcome  the  initial  inlet  streamwise 
vorticity.  The  former  would  move  endwall  fluid  from  the  pressure  to  the  suction  surface 
side  of  the  channel  while  the  latter  (due  to  inlet  skewing)  tends  to  drive  the  endwall  boun¬ 
dary  layer  fluid  toward  the  pressure  surface  (Ref.  9).  There  is  some  indication  of  flow 
toward  the  hub  on  the  pressure  surface  side  of  the  passage.  Finally,  for  both  isolated 
rotor  cases  there  is  a  thickening  of  the  blade  wake  in  the  hub  region  due  to  the  corner 
stall.  The  thickening  for  the  thin  and  thick  cases  is  very  similar.  This  observation  is 
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consistent  with  those  of  Ref.  10  where  it  was  demonstrated  that  the  severity  of  the  corner 

stall  was  insensitive  to  the  thickness  of  the  inlet  boundary  layer. 

The  data  for  the  two  stage  rotor  (Fig.  6)  indicated  that  the  flow  in  the  hub  region 
was  relatively  clean,  that  is,  similar  to  the  isolated  rotor  with  the  thin  inlet  boundary 
layer  in  that  no  strong  shear  regions  were  evident.  There  is  some  evidence  of  Bernoulli 
surface  rotation  due  to  secondary  flow  near  the  suction  surface.  The  corner  stall  region 
is  very  thin  relative  to  those  of  the  two  isolated  rotor  cases  and  appears  as  little  more 
than  a  thickening  of  the  blade  wake.  The  corner  stall  begins  to  deepen  and  thicken  the 
wake  at  about  midspan. 

From  the  hub  region  the  following  conclusions  can  be  drawn.  The  corner  stall  is  the 

major  source  of  hub  loss  and  blockage.  The  corner  stall  behaves  more  like  a  thickened 

blade  wake  rather  than  a  thickening  of  the  hub  endwall  boundary  layer.  Finally,  for  the 
two  isolated  rotor  cases,  the  effects  of  secondary  flow  were  minimized  due  to  the  skewing 

and  energizing  of  the  hub  boundary  layer  as  it  comes  onto  the  rotating  hub. 

When  comparing  the  flows  in  the  tip  region  recall  that  the  clearance  for  the  two  iso¬ 
lated  rotor  tests  was  1.6  percent  of  chord  while  for  the  two  stage  test  it  was  3.9  percent 
of  chord.  The  flow  in  the  tip  regions  is  influenced  by  tip  leakage,  wall  motion  (toward 
the  pressure  surface)  and  the  inlet  boundary  layer.  For  the  two  isolated  rotor  cases  (Fig. 
4  and  5)  the  low  total  pressure  region  is  nearly  midway  between  adjacent  airfoil  wakes. 

This  is  similar  to  results  presented  for  tip  leakage  in  a  stationary  cascade  without  an 
endwall  present  and  with  a  clearance  to  chord  ratio  of  4  percent  (Ref.  7,  experiments  A 
and  B)  . 

The  tip  region  of  the  two  stage  rotor  was  considerably  different  in  that  the  low  total 
pressure  region  was  very  close  to  the  pressure  surface.  For  this  case  the  center  of  the 
low  total  pressure  region  was  located  30  percent  further  from  the  tip  endwall,  inspite  of 

the  shorter  chord.  These  difference  must  in  some  measure  be  due  to  the  much  larger  tip 

clearance  of  the  two  stage  rotor. 


ROTOR  TOTAL  PRESSURE  LOSS 

One  of  the  more  significant  pieces  of  information  to  be  derived  from  the  traverse  data 
presented  above  is  the  spanwise  distribution  of  the  rotor  total  pressure  loss.  In  the  pre¬ 
sent  discussion  the  total  pressure  loss  coefficient  (CpT.rel)  is  defined  as  the  difference 
between  the  mass  averaged  inlet  and  exit  relative  (or  rotary)  total  pressures  at  a  fixed 
radius,  normalized  with  a  dynamic  pressure  based  on  the  wheel  speed  at  midspan.  Strictly 
speaking  the  total  pressure  difference  should  be  taken  along  a  fixed  (axisymmetric)  stream 
surface.  For  all  three  rotors  the  maximum  radial  displacement  of  a  stream  surface  was 
about  1  percent  span  (near  midspan) .  Finally,  the  mass  averaging  of  the  total  pressures 
was  based  on  the  measured  circumferential  distributions  of  flow  speed,  yaw  and  pitch  from 
which  the  local  Cx  could  be  calculated. 

The  data  for  the  thin  and  thick  inlet  boundary  layer  tests  on  the  isolated  rotor  are 
shown  in  Fig.  7.  For  the  thin  case,  since  the  rotary  total  pressure  is  constant  over  the 
core  flow  at  inlet  radial  shifting  of  the  stream  surfaces  is  of  no  consequence  in  computing 
the  net  loss.  In  fact,  for  this  case  the  inlet  boundary  layer  only  affected  the  loss  at  the 
two  or  three  data  points  closest  to  the  endwalls.  The  corner  stall  region  (Fig.  1)  and  the 
low  rotary  total  pressure  region  associated  with  it  (Fig.  4)  have  caused  a  loss  level  which 
is  very  high  relative  to  two-dimenaional  (profile)  loss  levels  and  which  penetrates  out 
to  40  percent  span.  The  high  loss  region  at  the  tip  is  felt  from  75  percent  span  outward. 
The  loss  in  the  midspan  region  is  representative  of  two-dimensional  cascade  levels  (Ref. 

4,  Fig.  6)  . 

For  the  isolated  rotor  with  the  thick  inlet  boundary  layers  (Fig.  7)  there  is  a  region 
of  very  low  loss  out  to  10  percent  span  due  to  the  weak  radial  redistribution  of  the  inlet 
rotary  total  pressure  profile.  As  mentioned  above,  high  total  pressure  fluid  moved  toward 
the  hub  near  the  pressure  surface  side  of  the  wake  (Fig.  5)  causing  an  increase  in  rotary 
total  pressure  in  the  region  and  hence  a  local  reduction  to  the  mass  averaged  loss.  Simi¬ 
lar  effects  can  be  seen  in  the  cascade  results  of  Ref.  7  (Fig.  21)  and  in  the  rotating  rig 

data  of  Ref.  11  (Fig.  6)  where  spanwise  redistribution  of  high  and  low  total  pressure  fluid 

caused  a  negative  mass  averaged  total  pressure  loss  near  the  endwalls.  These  observations 
regarding  endwall  flow  in  compressor  airfoil  passages  and  the  dominant  contributions  of 
corner  stall  relative  to  endwall  secondary  flow  are  consistent  with  similar  observations 
made  in  Ref .  10 . 

The  thick  inlet  boundary  layer  isolated  rotor  test  indicated  no  well  defined  low  loss 
region  at  midspan  as  occurred  for  the  thin  case.  Both  the  hub  and  tip  high  loss  regions 

occupied  a  larger  portion  of  the  span  than  in  the  thin  case.  The  reason  for  this  difference 

is  not  evident  in  the  flow  visualisations  (Figs.  1  and  2)  but  it  is  somewhat  suggested  by 
the  rotary  total  pressure  contours  (Figs.  4  and  5). 

The  loss  data  for  the  two  stage  rotor  is  presented  in  Fig.  S.  The  radial  distribution 
of  the  rotor  inlet  relative  total  pressure  was  computed  by  mass  averaging  the  circumferen¬ 
tial  distributions  of  relative  total  pressure  computed  from  the  absolute  frame  traverse 
data  taken  at  the  first  stator  exit.  The  nature  of  the  loss  distribution  near  the  hub  is 
similar  to  that  of  the  thick  inlet  boundary  layer  isolated  rotor  tests,  with  a  low  (nega¬ 
tive)  loss  region  close  to  the  endwall.  Here,  as  above,  the  low  and  negative  loss  region 
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at  the  hub  is  due  to  the  high  total  pressure  fluid  moving  toward  the  hub  near  the  pressure 
surface  side  of  the  blade  wake  (Fig.  6). 

In  the  midspan  region  the  loss  level  is  slightly  negative  (1.3*  at  midspan).  There 
are  a  number  of  possible  explanations  for  this  result,  any  one  or  all  of  which  may  be  con¬ 
tributing  to  the  negative  loss.  (1)  It  may  be  a  result  of  experimental  error.  An  error 
of  0.5  percent  in  the  measured  total  pressure  at  the  rotor  inlet  and  at  the  rotor  exit 
could  account  for  the  negative  loss.  (2)  The  negative  loss  could  actually  be  present  due 
to  a  radial  redistribution  of  high  and  low  total  pressure  fluid  such  as  occurred  near  the 
hub.  (3)  The  negative  loss  is  in  part  due  to  a  radial  shift  of  the  axisymmetric  stream 
surfaces  between  the  rotor  inlet  and  exit  measurement  planes.  This  is  possible  due  to  the 
relatively  large  radial  gradient  in  rotary  total  pressure  in  the  midspan  region  of  the  flow. 
The  radial  shift  of  slightly  more  than  1  percent  span  between  rotor  inlet  and  exit  is  suf¬ 
ficient  to  explain  half  of  the  negative  loss  at  the  40  percent  span  location  where  it  is 
maximum. 


FLOW  ANGLES 

The  rotor  inlet  and  exit  metal  angles  (9*)  and  the  inlet  and  exit  flow  angles  (9)  are 
presented  in  Figs.  9  and  10.  For  the  two  isolated  rotor  cases  the  inlet  flow  angles  were 
calculated  from  wheel  speed  and  the  measured  radial  variation  of  Cx.  The  inlet  flow  angle 
for  the  two  stage  rotor  is  based  on  mass  averaged  relative  flow  angles  calculated  from  the 
stationary  frame  measurements  made  at  the  first  stator  exit.  The  rotor  exit  flow  angles 
were  measured  in  the  rotating  frame  of  reference  and  mass  averaged  based  on  the  circumfe¬ 
rential  distributions  of  flow  angle  and  Cx.  Mass  averaging  reduces  the  impact  of  the 
nearly  axial  flow  in  the  low  velocity  region  immediately  downstream  of  the  corner  stall. 

Since  both  isolated  rotor  tests  (thin  and  thick  inlet  boundary  layers)  were  run  at 
the  same  flow  coefficient  based  on  area  averaged  Cx  the  thin  case  was  running  closer  to 
the  stall  from  20  percent  span  to  80  percent  span.  In  the  endwall  regions  the  thick  case 
was  running  closer  to  stall,  causing  the  hub  and  tip  boundary  layers  at  the  rotor  inlet  to 
be  more  heavily  skewed  in  the  direction  opposing  secondary  flow  due  to  turning.  Aside 
from  a  shift  in  level  (of  approximately  2°)  the  exit  angle  profile  was  relatively  insensi¬ 
tive  to  inlet  boundary  layer  thickness.  The  20  drop  in  deviation  for  the  thick  inlet 
boundary  layer  case  is  in  part  due  to  its  lower  inlet  angle  over  the  midspan  region. 

The  large  under  turning  in  the  tip  region  of  both  isolated  rotor  cases  is  due  to  at 
least  three  mechanisms.  (1)  Tip  leakage  contributes  to  the  under  turning.  This  was  shown 
in  Ref.  7  for  a  cascade  and  in  Ref.  11  (Fig.  3)  for  a  large  scale  multistage  rotor.  (2) 
Wall  motion  also  contributes  to  the  under  turning.  As  the  wall  is  approached  the  flow 
angle  must  approach  90°.  Finally  (3)  the  inlet  boundary  is  skewed  toward  the  rotor  pres¬ 
sure  surface  due  to  the  rotor  motion,  leading  to  under  turning. 

The  flow  angle  data  for  the  two  stage  rotor  in  Fig.  10  are  similar  in  many  ways  to 
the  Isolated  rotor  data.  There  is  over  turning  at  the  hub  due  to  corner  stall  and  under 
turning  at  the  tip  due  to  leakage  and  wall  motion.  The  results  are  also  very  similar  to 
those  of  Ref.  11  (Fig.  3). 


BLOCKAGE 


Through-flow  analyses  are  axisymmetric  calculations  of  the  radial  distributions  of 
mass  averaged  quantities.  Mass  flow  (M) ,  however,  is  related  to  the  area  average  of  pCx. 
The  mass  averaged  quantities  are  related  to  this  area  average  in  the  continuity  equation 
by  the  blockage  factor  (k). 


M 


2n  /  4  RpC5*1  rdr 
Tv  x 


(2) 


According  to  this  expression  R  is  the  ratio  of  the  area  averaged  axial  velocity  (or  Cx)  to 
the  axial  velocity  based  on  the  mass  averaged  total  and  static  pressures  and  the 
mass  averaged  yaw  (9)  and  pitch  (4)  angles.  This  relationship  may  be  expressed  as  follows. 

K  =  (  C$/C*T  )  -  f  (r)  (3) 

where  (for  incompressible  flow) 

-  P™/lip  )  Cos  9m  Cos  4m  (4) 

In  this  notation  (-a)  indicates  an  area  average  and  (-m)  indicates  a  mass  average.  The 
description  of  blockage  as  a  function  of  radius  is  consistent  with  what  is  referred  to  as 
"tangential"  blockage  in  Ref.  2  (p.  329).  It  reflects  all  departures  from  axisynmetry  from 
hub  to  tip  including  profile  wakes,  corner  stall,  tip  leakage  and  so  on.  "Endwall"  block- 
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age  does  not  reflect  a  departure  from  axisynunetry  but  rather  the  inability  of  a  small  number 
of  computational  stream  tubes  to  accurately  account  for  the  endwall  boundary  layers.  End- 
wall  blockage  reflects  the  computational  approach  of  coupling  a  through-flow  calculation 
to  an  endwall  boundary  layer  calculation.  For  example,  endwall  blockage  would  not  be  re¬ 
quired  in  the  single  pass  axisymmetric  analysis  of  Ref.  12  which  simultaneously  solves 
both  the  viscous  and  inviscid  regions  of  the  flow.  For  this  approach  endwall  blockage  is 
unnecessary  and  only  tangential  blockage  would  be  required. 

Blockage  distributions  have  been  calculated  from  the  measured  data  according  to  the 
above  definition.  They  reflect  the  departure  from  axisymmetry  from  the  hub  to  the  tip, 
i.e.,  the  fullspan  distribution  of  tangential  blockage.  The  major  contribution  to  block¬ 
age  for  these  three  rotor  test  cases  came  from  the  total  pressure.  The  area  and  mass 
averages  of  the  static  pressure  and  the  yaw  and  pitch  angles  were  generally  very  close  to 
one  another. 

Recall  that  the  traverse  planes  for  the  isolated  rotor  and  for  the  two  stage  compres¬ 
sor  are  30  percent  and  25  percent  respectively  aft  of  the  rotors.  This  is  significant 
since  blockage  will  be  a  strong  function  of  distance  downstream  due  to  wake  mixing. 

The  blockage  distributions  for  the  two  isolated  rotor  tests  are  shown  in  Fig.  11. 

The  spanwise  variations  are  very  similar  to  the  spanwise  variation  of  total  pressure  loss 
(Fig.  7) .  The  similarity  in  blockage  profiles  is  particularly  interesting  in  view  of  the 
factor  of  4  difference  in  the  inlet  boundary  layer  thickness  for  the  two  cases.  The  block¬ 
age  data  also  points  to  the  dominant  role  of  corner  stall  relative  to  secondary  flow  and 
to  the  insensitivity  of  corner  stall  to  inlet  boundary  layer  thickness.  The  blockage  pro¬ 
file  for  the  two  stage  rotor  is  generally  lower  in  the  endwall  regions  than  either  of  the 
two  isolated  rotor  cases,  even  with  the  much  larger  relative  tip  clearance. 

In  conclusion,  the  blockage  profiles  bear  a  qualitative  similarity  to  the  loss  pro¬ 
files  with  the  major  contributions  being  due  to  hub  corner  stall  and  tip  endwall  and  leak¬ 
age  flow.  The  midspan  blockage  for  all  three  cases  (at  their  nominal  design  flow  coeffi¬ 
cients)  is  very  small. 


CONCLUSIONS 

This  paper  has  presented  a  comparison  of  several  types  of  data  acquired  on  three  com¬ 
pressor  rotor  configurations:  an  isolated  rotor  with  very  thin  inlet  hub  and  tip  boundary 
layers,  the  same  rotor  with  thick  inlet  boundary  layers,  and  a  two  stage  compressor  second 
stage  rotor,  each  running  at  its  nominal  design  flow  coefficient.  The  data  examined  for 
each  configuration  consisted  of  surface  flow  visualization,  a  radial-circumferential  dis¬ 
tribution  of  rotary  total  pressure  in  the  flow  aft  of  the  rotor,  and  the  spanwise  distri¬ 
bution  of  loss,  flow  angle  and  blockage. 

There  were  many  strong  similarities  in  the  main  features  of  the  flow  over  the  three 
rotors.  The  most  striking  was  the  strong  influence  of  hub  corner  stall  (as  opposed  to  the 
hub  endwall  boundary  layer)  on  the  loss,  deviation  and  blockage  and  its  insensitivity  to 
inlet  boundary  layer  thickness.  The  tip  boundary  layer  and  leakage  flow  were  also  seen  to 
have  a  strong  impact.  Although  secondary  flow  was  generally  seen  to  be  rather  weak,  as 
evidenced  by  the  slight  rotation  of  the  Bernoulli  surfaces  and  the  lack  of  cross  flow  in 
the  hub  boundary  layers,  radial  redistribution  of  high  and  low  total  pressure  fluid  through 
the  rotor  passage  and  in  the  downstream  flow  was  observed  to  produce  spanwise  distributions 
of  the  total  pressure  loss  which  were  locally  negative.  This  radial  redistribution  could 
have  been  due  to  mechanisms  other  than  the  weak  secondary  flow,  e.g.,  it  could  have  been 
a  result  of  the  radial  outflow  in  the  corner  stall  region. 

The  present  two  stage  compressor  program  is  being  continued  with  particular  emphasis 
in  the  areas  of  tip  clearance  effects,  off-design  performance  and  the  stator.  As  a  result 
of  these  and  the  earlier  experimental  studies  and  companion  analytical  work  it  is  expected 
that  a  more  complete  and  detailed  understanding  of  multi-stage  compressor  aerodynamics 
will  emerge. 
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TABLE  I  -  ROTOR  GEOMETRY  it  TEST  CONDITIONS 


Isolated  Rotor 


Two-Stage  Rotor 


Number  of  Airfoils 

28 

Tm/0 

1.01 

Span/B 

1.00 

Clrnc/B 

0.016 

<*s 

35.5° 

Camber 

49° 

Hub/Tip 

0.8 

N  (rpm) 

510 

Cx  (f/s) 

102 

Re  (Wj,B) 

4.9  x  10 

♦ 

0.85 

(AX/Bx) 

0.30 

44 

0.97 

1.50 

0.039 

47.1° 

35° 

0.8 

650 

78 

3.0  x  105 

0.51 

0.25 


HUB 


•  THICK 
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DISCUSSION 


Ph.Ramette,  Fr 

In  Figure  8,  which  gives  the  total  pressure  losses  for  the  second  stage  rotor  of  the  two-stage  compressor,  the  total 
pressure  loss  is  close  to  zero  near  the  hub,  because  of  the  high  total  pressure  fluid  moving  towards  the  hub  near  the 
pressure  surface  side  of  the  blade  wake,  as  you  said.  In  the  midspan  region,  the  negative  loss  could  be  due  to  the 
large  tip  clearance,  which  is  4%,  so  that  the  flow  near  the  tip  of  the  blades  is  moving  toward  midspan  at  the  exit  of 
the  rotor,  redistributing  the  radial  total  pressure  profile.  Could  you  comment  about  this? 

Author’s  Reply 

As  mentioned  in  the  paper,  aside  from  small  measurement  errors,  the  two  prime  candidates  for  explaining  the 
negative  loss  at  the  midspan  of  the  second  stage  rotor  are  radial  redistribution  of  high  and  low  total  pressure  fluid . 
and  radial  displacement  of  the  axisymmetric  stream  surface.  Both  of  these  possibilities  could  be  accentuated  by  the 
very  large  tip  clearance.  This  question  may  become  clearer  as  we  examine  additional  data. 


B.Lakshminarayana 

( 1 )  I  would  like  to  congratulate  you  on  a  large  amount  of  fine  data. 

(2)  The  thick  boundary  layer  case  had  very  small  velocity  gradients  near  the  wall  and  had  almost  a  linear  profile 
from  hub  to  mid-radius.  Since  the  secondary  flow  is  very  sensitive  to  the  velocity  gradients,  rather  than  the 
thickness,  it  is  not  surprising  that  the  thick  boundary  layer  case  did  not  have  severe  secondary  flow.  It  would 
be  useful  to  generate  a  thick  boundary  layer  with  steep  velocity  gradients  near  the  wall. 

Author’s  Reply 

The  thin  and  thick  inlet  Cx  profiles  in  the  isolated  rotor  tests  were  very  similar  in  terms  of  their  shape  factors 
(H  =  1.3  and  1 .5  respectively).  Since  to  a  first  approximation  the  secondary  flow  process  varies  linearly  with  the 
initial  streamwise  and  normal  components  of  vorticity  the  factor  of  4  variation  in  inlet  boundary  layer  thickness 
was  felt  to  be  a  fairly  significant  variation.  Finally,  the  two-stage  test  lends  strong  evidence  that  secondary  flow  will 
in  general  be  relatively  weak,  particularly  in  comparison  with  the  effects  of  comer  stall. 


C.L.Ball,  US 

My  comment  is  not  made  in  terms  of  trying  to  generalize  between  your  results  and  that  which  we  noted  in  the  two- 
stage  fan,  but  it  is  interesting  to  note  that  the  circumferential  blockage  near  the  walls  behind  the  low  speed  rotor  is 
higher  than  in  the  core  flow  region,  which  is  further  evidence  of  the  highly  non-axisymmetric  flows  in  the  endwall 
boundary  layer  region  as  compared  to  free  stream,  as  we  observed  behind  the  stators  in  the  two-stage  fan. 

Author’s  Reply 

I  agree.  Our  data  on  these  and  other  tests  have  indicated  that  the  flow  in  the  endwall  regions  is  in  general  far  more 
non-axisymmetric  than  the  flow  in  the  midspan  region. 


Ch.Hirsch,  Be 

I  would  like,  first  of  all,  to  congratulate  the  authors  for  their  continuous  effort  in  the  production  of  such  high 
quality  data. 

I  am  very  pleased  by  the  importance  given  to  the  concept  of  tangential  blockage  distinct  from  the  end-wall  blockage. 
We  are  using  this  distinction  in  our  through-flow  calculation  method  and  connect  the  blockage  K  to  the  local  loss 
coefficient  through  the  momentum  thickness  of  the  wake.  Therefore  it  is  not  surprising  that  the  variation  of  K  is 
similar  to  the  variation  of  the  total  pressure  loss.  Actually  we  think  that  the  variation  could  be  deduced  from  the 
other.  Have  you  tried  to  derive  the  variation  of  K  from  the  radial  variation  of  wake  thickness? 

Author’s  Reply 

As  we  noted  in  the  paper,  “the  blockage  profiles  bear  a  qualitative  similarity  to  the  loss  profiles”.  To  date,  however, 
we  have  not  attempted  to  quantify  this  relationship.  This  will  definitely  be  something  to  look  into  as  we  evaluate 
the  rest  of  our  data. 


J.Mooie,  US 

( 1 )  Is  the  ammonia  neutrally  buoyant  in  these  flows? 

(2)  Is  there  enough  shear  work  at  the  shroud,  combined  with  secondary  flow  from  the  shroud  to  cause  the  local 
increases  in  rotary  total  pressure  which  you  observe? 
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Author's  Reply 

Strictly  speaking,  the  ammonia  used  in  the  flow  visualization  is  not  neutrally  buoyant  but  we  believe  that  it  does 
accurately  follow  the  surface  streamlines.  This  belief  is  based  on  numerous  previous  tests  where  density  ratio  and  f 

blowing  rate  effects  were  demonstrated  to  have  no  noticeable  impact  on  the  indicated  surface  streamline  direction. 

The  increase  in  rotary  total  pressure  was  observed  primarily  on  the  two-stage  compressor  second  stage  rotor  in  the  «  ( 

midspan  region  and  very  close  to  the  hub  (Fig.8).  From  Figure  6  it  is  difficult  to  see  how  shear  work  and  secondary 
flow  at  the  shroud  could  influence  the  rotary  total  pressure  of  the  midspan  and  hub  fluid  other  than  by  radial 
displacement  of  the  axisymmetric  stream  surfaces  due  to  blockage  at  the  tip.  The  flow  visualization  (Fig.3)  also 
suggests  that  it  is  unlikely  that  fluid  originating  at  the  rotor  shroud  could  find  its  way  radially  into  the  midspan 
region. 


AD  POO  3090 
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EXPERIMENTAL  VERIFICATION  OF  AN  ENDWALI,  BOUNDARY  LAYER  PREDICTION  METHOD 

Charles  W.  Elrod  James  L.  Bettner 

AFWAL/POTX  Detroit  Diesel  Allison  Div. 

Wright-Patterson  AFB  General  Motors  Corporation 


/An  endwall  boundary  layer  code  was  verified  in  a  low  speed  compressor  facility  and 
used  to  compute  casing  blockage  and  efficiency  penalty  in  a  full-scale  engine.  Detailed 
endwall  boundary  layer  measurements  and  overall  compressor  performance  measurements  were 
obtained  for  various  conditions  of  surface  roughness,  porosity  and  tip  clearance  in  the 
low  speed  compressor  facility.  Stage  pressure  ratio  and  stall  margin  were  determined 
for  the  single-stage  compressor  at  three  corrected  speeds.  Shroud  roughness  did  not 
markedly  reduce  overall  compressor  performance  at  design  conditions,  but  did  result  in 
some  loss  of  stall  margin.  Shroud  wall  porosity,  on  the  other  hand,  did  reduce  design 
point  performance,  but  also  substantially  increased  stall  margin.  The  shroud  endwall 
boundary  layer  code  exhibited  overall  satisfactory  agreement  with  solid  smooth/rough 
endwall  experimental  results,  but  was  not  as  effective  for  the  T56-A-100  experimental 
results.  The  code  was  effective  in  predicting  tip  clearance  effects. 


INTRODUCTION 

Losses  in  the  gas  turbine  engine  compressors  are  receiving  increasing  attention  as 
efficiency  becomes  a  critical  design  parameter.  Escalating  fuel  costs  have  prompted  the 
turbine  engine  research  community  to  intensify  their  efforts  to  understand  the  loss 
mechanisms  and  reduce  their  overall  effect.  One  of  the  major  loss  mechanisms  in  the  gas 
turbine  engine  is  leakage  over  the  tips  of  hoth  compressor  and  turbine  rotors.  A  large 
portion  of  the  decrement  in  performance  attributed  to  tip  losses  is  due  to  clearance 
increases  during  the  first  few  hundred  on  wing  hours,  after  the  engine  break-in.  The 
increase  in  clearance  results  from  tip  wear  when  the  rotor  rubB  into  the  case. 

Through  the  years,  attempts  have  been  made  to  develop  an  abradable  coating  for  the 
case  to  prevent  or  minimize  blade  tip  wear.  The  attempts  have  been  marginally  success¬ 
ful,  with  wear  ratios  of  lsl  (blade  tip  to  case  coating  ratio)  being  typical.  The 
search  for  rub  tolerant  coatings  has  resulted  in  a  wide  variety  of  material  character¬ 
istics  and  configurations.  The  purpose  of  these  variations  has  been  primarily  to  pro¬ 
vide  a  rub  strip  on  the  compressor  case  which  will  tolerate  interference  from  the  rotor 
without  wearing  the  blade  tip.  The  rub  strip  material  muBt  also  be  configured  to  resist 
erosion,  oxidation  and  thermal  fatigue. 

The  payoff  for  this  material  development  and  design  effort  is  enormous.  A  change 
in  engine  performance  (specifically  fuel  consumption)  of  1%  can  result  in  savings  of 
millions  of  dollars  in  fuel  costs.  This  magnitude  of  fiscal  savings  is  leading  engine 
designers  to  consider  other  factors  (factors  involving  aerodynamic  considerations  rather 
than  mechanical  parameters) ,  as  well  as  blade  tip  wear.  Two  such  factors  are  rub  strip 
roughness  and  porosity. 

Intuitively,  one  would  suspect  that  both  factors  would  influence  stage  and  overall 
engine  performance;  however,  only  limited  evidence  of  an  empirical  basis  for  this  con¬ 
clusion  was  available.  A  program  was,  therefore,  initiated  by  the  Air  Force,  through 
the  Detroit  Diesel  Allison  Division  of  General  Motors  Corporation,  to  study  the  effects 
of  surface  roughness  and  porosity  on  stage  and  overall  compressor  performance  in  a 
controlled  environment  (Reference  1) .  This  paper  will  summarize  the  results  of  the 
experimental  program  and,  in  particular,  the  porosity  effects.  The  analytical  portion 
of  this  program  will  not  be  described  in  this  report.  A  detailed  summary  of  the  endwall 
boundary  layer  code  can  be  found  in  Reference  1. 

FACILITY  DESCRIPTION 

The  experimental  program  involved  the  use  of  two  facilities.  The  first  was  a  low- 
speed  compressor  (LSC)  rig,  and  the  second  was  a  full-scale  engine  test  (FSET)  facility. 
The  LSC  rig  was  used  to  provide  detailed  endwall  boundary  layer  measurements  for  various 
conditions  of  endwall  roughness,  endwall  porosity,  and  tip  clearance  at  several  differ¬ 
ent  operating  conditions.  The  FSET  facility  was  used  to  correlate  and  verify  the  use  of 
the  three-dimensional,  turbulent,  compressible  endwall  boundary  layer  flow  prediction 
method  for  full-scale  engine  applications  (Reference  1). 

|  LOW  SPEED  COMPRESSOR  RIG 

I  The  LSC  rig  layout  is  shown  in  Figure  1  and  consists  of  a  single-stage,  zero  inlet 

I  /  swirl,  low-speed  (184  ft/sec)  compressor  which  was  designed  to  reflect  realistic  aero¬ 

dynamic  values  of  blockage,  blade  loading  and  loss  levels  for  typical  aft  stages  of 
modern  compression  systems.  The  compressor  design  parameters  are  summarized  in  Table  1. 

The  major  modification  to  the  rig  for  this  program  was  the  installation  of  differ¬ 
ent  shroud  endwall  geometries.  Four  different  configurations  were  employed  in  the  test 
program.  Three  different  size  roughness  elements  and  one  porous  endwall  were  tested,  as 
shown  in  Table  2. 
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The  roughness  elements  were  uniform  glass  spheres  whose  diameters  (K  )  were  0.020, 
0.030,  0.080  inch.  These  spheres  produced  roughness  Reynolds  number  values  of  100  t.o 
400  from 


U  K 
T  S 


(1) 


where  UT  is  the  friction  velocity,  X  is  the  roughness  element  height,  and  v  is  the 
kinematic  viscosity.  Therefore,  roughness  experiments  were  conducted  in  the  fully  rough 
zones.  Porosity,  on  the  other  hand,  was  provided  by  a  material  configuration  which  per¬ 
mitted  airflow  radially  into  or  out  of  the  shroud  and  circumferentially  around  the 
shroud.  Figure  2  illustrates  the  test  section,  including  the  shroud  insert  and  refer¬ 
ence  planes. 

INSTRUMENTATION 

Multi-element  total  pressure  rakes  distributed  circumferentially  around  the  annulus 
at  the  stage  inlet  and  exit,  boundary  layer  rakes  on  the  hub  and  tip  walls  located  at 
the  rotor  inlet  and  stator  exit,  total  temperature  rakes  at  the  stator  exit,  and  various 
static  pressure  taps  on  the  hub  and  tip  walls  make  up  the  bulk  of  the  steady  state 
instrumentation.  Vane  tip  static  pressure  distribution  was  mapped  through  the  use  of  45 
static  pressure  taps  on  the  outer  wall  of  one  stator  passage. 

Hot  wire  anemometry  was  employed  in  the  exit  planes  of  the  rotor  and  stator,  as 
well  as  three  axial  locations  inside  the  stator  passage  (Figure  3) .  DISA  constant 
temperature  anemometry  equipment  was  used  to  obtain  the  streamwise  velocity  and  air 
angle. 

A  Dynamic  Data  Capacitance  gage  provided  blade  tip  clearances.  Individual  vari¬ 
ances  in  tip  clearances  are  measured  and  used  to  determine  an  average  running  clearance. 
The  output  of  the  probe  is  nearly  linear  in  the  range  of  interest,  namely  0.070  -  0.140 
inch.  Most  blades  were  found  to  be  within  ±0.005  of  the  nominal  clearance  of  0.071  inch 
for  Configuration  I. 

EXPERIMENTAL  results 

The  effects  of  tip  clearance,  shroud  roughness,  and  shroud  porosity  on  stage  flow 
versus  pressure  ratio  can  be  observed  in  Figures  4  through  11  at  three  different  cor¬ 
rected  speeds.  Figure  4  presents  the  effect  of  varying  clearance  for  the  smooth  wall 
configuration.  The  design  pressure  ratio  is  reduced  slightly  at  the  design  point,  while 
the  stall  margin  (SM) ,  defined  by 


SM  - 


C 


(2) 


where  R  »  total  pressure  ratio 
Wc  »  corrected  flow  rate 
N^  «  corrected  speed 

is  significantly  affected,  reduced  by  over  12%.  This  overall  performance  decrement  is 
typical  when  tip  clearances  are  increased  in  this  magnitude. 

The  effects  of  roughness  on  performance  are  presented  in  Figures  5  through  8.  Com¬ 
pared  to  the  smooth  wall,  the  stage  pressure  ratio  remains  relatively  unchanged  at  the 
near  design  point  as  roughness  is  increased  from  a  smooth  wall  to  progressively  rougher 
surfaces.  (For  close,  clearances,  see  Figure  5.)  The  stall  margin  defined  by  Eq.(l) 
decreases  by  6-7%,  transitioning  from  smooth  to  rough  wall.  At  partial  speeds,  the 
pressure  ratio  decreases  as  surface  roughness  is  increased. 

When  the  clearances  were  doubled,  the  pressure  ratio  decreased  slightly  at  the  near 
design  point  for  rough  shrouds  versus  the  smooth  configuration  (Figure  6) .  Stall  mar¬ 
gin,  on  the  other  hand,  was  seen  to  increase  for  rough  walls,  and,  in  fact,  the  largest 
increase  occurred  with  the  .030  inch  diameter  element.  The  reason  for  this  apparent 
anomaly  is  not  altogether  clear  at  this  time. 

The  relative  effect  of  clearance  when  the  roughness  was  held  constant  is  presented 
in  Figures  7  and  8.  For  the  .030  inch  elements,  the  stall  margin  is  relatively  unaf¬ 
fected,  but  the  pressure  ratio  iB  less  as  clearance  is  increased.  The  .080  inch  ele¬ 
ments  have  no  apparent  effect  on  pressure  ratio  at  the  near  design  point,  while  the 
stall  margin  is  reduced  3%  as  the  clearance  1b  increased. 

A  more  dramatic  effect  is  observed  in  Figure  9.  The  use  of  a  porous  shroud 
resulted  in  both  a  measurable  decrease  in  pressure  ratio  and  a  significant  increase  in 
stall  margin.  This  latter  effect  also  holds  when  the  clearance  is  doubled  (Figure  10). 
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Flow  pressure  ratio  was  slightly  affected,  but  not  as  severely  as  seen  in  Figure  9. 

Even  more  interesting,  however,  is  the  comparison  of  porous  shrouds  when  the  clearance 
is  increased  (Figure  11) .  The  stall  margin  is  approximately  26%  higher  at  the  clear¬ 
ance/span  of  1.56,  compared  to  the  clearance/span  of  2.92.  Although  the  magnitude  of 
the  difference  is  somewhat  unexpected,  the  trend  is  not.  Examining  the  pressure  ratio, 
however,  the  clearance/span  effect  is  quite  unexpected.  The  larger  clearance  produces 
measurably  higher  flow  pressure  ratio. 

Another  way  to  look  at  these  effects  is  to  examine  the  hub  and  tip  wall  static 
pressure  distributions,  particularly  the  static  pressure  ratio  for  the  hub  and  tip 
sections  at  the  design  operating  point.  Figure  12  illustrates  the  axial  hub  and  tip 
static  pressure  distributions  for  Configuration  I.  The  other  configurations  produced 
very  similar  static  pressure  distributions  and  would  serve  no  purpose  if  presented.  The 
data  listed  in  Table  3,  however,  does  present  the  effect  of  porosity.  The  pressure 
ratio  at  the  hub  was  noticeably  consistent,  while  the  porous  configuration  static  pres¬ 
sure  rise  was  higher  than  any  of  the  other  configurations.  The  boundary  layer  growth  on 
the  casing  wall  at  the  rotor  and  through  the  stator  was  found  to  be  significantly  less 
for  the  porous  wall  than  the  solid  or  rough  walls.  The  reduction  in  boundary  layer 
produces  a  larger  flow  area,  lower  wall  velocities  and,  hence,  larger  static  pressures. 

FULL-SCALE  TEST 

The  full-scale  test  was  conducted  in  a  T56  engine,  modified  to  permit  testing  with 
different  roughness  levels  in  the  last  four  stages  of  the  compressor.  The  T56  com¬ 
pressor  is  basically  a  constant  tip,  fixed  geometry,  14-stage  machine  with  an  inlet 
hub/tip  radius  of  0.49  (Figure  13). 

Fixed,  total  temperature  and  pressure  rakes  in  the  compressor  upstream  plenum  and 
in  the  compressor  exit  plane  were  used  to  measure  overall  performance.  Total  tempera¬ 
ture  and  pressure  elements  were  also  positioned  at  several  locations  around  the  circum¬ 
ference  and  on  the  leading  edge  of  each  of  the  14  stator  rows.  Rub  pins  were  included 
in  the  last  four  stages  to  indicate  clearance. 

Performance  tests  were  conducted  with  three  different  shroud  configurations  for 
stages  11  through  14. 

1.  Configuration  1  -  Wire  sprayed  aluminum  machine  surface  finished  to  70  microinches. 

This  is  the  as-delivered  T56  baseline  compressor. 

2.  Configuration  IX  -  The  sprayed  aluminum  coating  is  grit  blasted  to  a  500  microinch 

surface  condition. 

3.  Configuration  III  -  The  sprayed  aluminum  coating  is  further  grit  blasted  to  an  800 

microinch  surface  condition. 

EXPERIMENTAL  RESULTS 

The  compressor  inlet  Reynolds  number  was  established  to  be  the  same  for  each  of  the 
three  shroud  roughness  configurations,  and  the  test  points  were  presurge  operating 
points.  In  particular,  performance  was  examined  at  altitude  (100%  speed)  and  sea  level 
takeoff  (96.3%  speed).  The  data  point  serial  numbers  are  shown  in  Table  4. 

The  interstage  performance  maps  for  Configurations  II  and  III  at  altitude  (100% 
speed),  from  open  throttle  to  past  design,  short  of  surge,  are  depicted  in  Figures  14 
through  18.  Inlet  flow  was  measured,  while  pressure  ratio  and  efficiency  were  calcu¬ 
lated  from  the  averaged  total  temperatures  and  pressures.  Configuration  I  was  not 
included  because  performance  analysis  indicated  the  results  were  in  error. 

Examination  of  the  performance  mapB  for  the  two  shroud  roughness  levels  reveals  a 
performance  loss  as  flow  proceeds  through  the  compressor.  The  effect  of  roughness  on 
efficiency  was  negligible,  although  the  rougher  shroud  did  result  in  a  lower  overall 
value.  Similar  results  for  pressure  ratio  are  noted. 

The  sea  level  (96.3%  speedl  performance  maps  are  presented  in  Figures  19  through 
23.  Efficiency  levels  were  seen  to  decrease  as  flow  continued  through  the  compressor  in 
a  manner  similar  to  the  100%  speed  results.  More  significantly,  however,  is  the 
decrease  in  performance  with  shroud  roughness  levels  from  70  microinches  to  500  micro¬ 
inches.  Further  increases  in  roughness  produced  only  slightly  deteriorated  performance. 

One  speculation  on  the  differences  between  the  100%  speed  (altitude)  and  the  96.3% 
speed  .(sea  level  conditions)  is  due  to  Reynolds  number  effects.  Some  surface  finish 
effect's  correlation  with  the  work  of  Shaffler,  Reference  3,  might  suggest  that  the 
shroud  flow  could  be  superimposed  on  the  efficiency  versus  Reynolds  number  plot  (Figure 
24) .  The  depressed  inlet  conditions  of  the  altitude  test  place  these  test  points  in  the 
intermediate  zone,  where  Reynolds  number  has  a  significant  effect,  while  roughness  has 
little  influence.  The  third  region,  characterised  by  a  critical  Reynolds  number  above 
which  efficiency  is  constant  for  increasing  Reynolds  numbers,  is  a  hydrodynamics lly 
rough  region  where  roughness  does  reduce  efficiency. 


COMPARISON  OF  ANALYTICAL  AND  EXPERIMENTAL  RESULTS 


The  comparisons  of  predicted  and  measured  boundary  layer  growth  characteristics  are 
presented  in  Figures  25  through  30.  Examining  Figures  25  and  26,  one  observes  a  predic¬ 
tion  that  agrees  relatively  well  with  experimental  or  measured  data  and  indicates  the 
effects  of  clearance  on  the  smooth  wall  boundary  layer  development. 

Figures  27  and  28  depict  the  agreement  between  predicted  and  measured  data  relating 
axial  displacement  thickness  and  axial  shape  factor  with  the  axial  location  in  the  LSC 
rig  for  roughened  endwalls.  The  agreement  is  once  again  fairly  good;  however,  the 
prediction  capability  appears  to  favor  the  larger  roughness  element  size.  Part  of  the 
problem  may  be  due  to  the  type  of  roughness  elements  chosen  and  the  buried  configura¬ 
tion.  This  design  probably  precluded  the  elements  from  penetrating  the  laminar  sublayer 
and  producing  a  realistic  aerodynamically  rough  surface.  Furthermore,  the  LSC  rig  is  a 
single-stage  facility  and  may  be  of  insufficient  length  for  the  flow  to  react  to 
roughness . 

The  prediction  capability  of  the  endwall  code  for  the  porous  configuration  is  seen 
to  be  ineffective  (Figures  29  and  30) .  The  code  assumption  for  porosity  was  to  presume 
the  flow  entered  the  endwall  material  and  moved  axially,  resulting  in  an  effective  tip 
clearance  larger  than  the  actual  mechanical  clearance.  The  effective  tip  clearance  then 
is  the  sum  of  the  mechanical  clearance  and  the  clearance  addition  due  to  porosity.  Had 
the  code  been  modified  to  account  for  flows  normal  to  the  endwall,  the  predictions  would 
probably  have  been  more  accurate. 

Streamwise  boundary  layer  development  was  also  predicted,  with  results  similar  to 
the  axial  displacement  thickness  (Figures  31  through  33) .  Although  streamwise  displace¬ 
ment  thickness  was  calculated  for  each  configuration,  the  figures  presented  are  included 
to  illustrate  the  general  code  prediction  capability. 

The  T56  smooth  and  rough  wall  boundary  layer  computations  are  presented  in  Figure 
34.  The  axial  displacement  thickness  and  shape  factor  are  shown  throughout  the  14 
compressor  stages  and  are  seen  to  vary  in  a  saw-tooth  fashion.  When  Bhroud  roughness 
was  varied  in  the  last  four  stages,  no  apparent  change  in  displacement  thickness  was 
found  for  stage  11,  whereas  the  14th  stage  thickness  was  seen  to  increase  by  approxi¬ 
mately  .002  inch  for  500  microinch  roughness  and  .004  inch  for  the  800  microinch 
roughness. 

CONCLUSIONS 

The  program  was  conducted  to  quantify  the  effects  of  roughness  and  porosity  on 
compressor  performance  as  the  primary  goal.  In  addition,  a  boundary  layer  prediction 
code  was  to  be  developed  for  prediction  capability  in  future  engine  design  tasks.  The 
program,  for  the  most  part,  was  successful.  A  pitch  averaged,  three-dimensional,  com¬ 
pressible,  turbulent,  integral  boundary  code  for  compressor  endwalls  was  developed  and 
does  agree  relatively  well  with  experimental  results  for  smooth  and  solid/rough  end- 
walls.  In  particular,  the  effects  of  clearance  on  boundary  layer  development  were  well 
demonstrated. 

Performance  of  both  the  LSC  rig  compressor  and  the  T56  compressor  were  found  to  be 
affected  by  clearance  and  roughness.  As  clearance  increased,  efficiency  and  stall  mar¬ 
gin  were  both  reduced.  Roughness  had  a  minor  effect  on  LSC  efficiency,  but  did  measur¬ 
ably  reduce  stall  margin. 

Porosity  was  noted  to  produce  significant  effects  in  stall  margin  and  lesser 
effects  on  pressure  ratio.  Stall  margin  increased  by  25-30*,  whereas  pressure  ratio  was 
reduced  slightly.  The  code  was  found,  however,  to  be  inadequate  for  the  porous  shroud 
configuration.  Part  of  the  code's  inability  could  be  traced  to  the  assumption  that  the 
effect  of  porosity  was  merely  an  increase  in  clearance  and  neglected  the  potential  axial 
recirculation  within  the  wall  boundary  layer  leading  to  radial  inflow  and  outflow. 

For  the  most  part,  a  code  has  been  developed  which  models  boundary  layer  develop¬ 
ment  for  solid  endwaljs  with  variable  roughness.  Some  modifications  of  the  model  will 
be  required  for  porosity  effects. 
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TABLE  1 


AIRFOIL  CHARACTERISTICS  -  MEAN  SECTION  DESIGN  VALUES 


Blade  Stator 


Type  of  Airfoil 
Chord,  C-in  (m) 
Solidity,  o  =  C/S 
Camber,  fl  -  deg. 

Aspect  Ratio,  AR  -  L/C 
Leading  Edge  Radius/C 
Trailing  Edge  Radius/C 
Inlet  Angle,  g  ~  deg. 
Exit  Angle,  82 1  -  deg. 
Loss  Coefficient,  a 
Diffusion  Factor,  D ^ 


65  series 
4.489 
1.435 
20.42 
1.046 
0.0044 
0.0028 
59.38 
42.41 
0.043 
0.449 


65  series 
5.08? 
1.516 
48.57 
0.943 
0.0049 
0.0030 
37.84 
0.00 
0.056 
0.410 


TABLE  2 


Test 

Configuration 


Blade  Tip 
Clearance 
%  Span 


Type  of 
Shroud  Wall 
Surface 


Surface  Condition 
Roughness  -  Element 
Size  (in, ) /Porosity 


I 

1.48 

Solid/Smooth 

- 

II 

1.56 

Porous /Smooth 

30%  Oper 

III 

1.44 

So lid /Rough 

0.080 

IV 

1.30 

t 

Solid/P-ouoh 

0.030 

V 

1.13 

Solid/Rough 

0.020 

VI 

2.96 

Soli d/Smooth 

VII 

2.92 

Porous /Smooth 

30%  Open 

VIII 

2.81 

So lid /Rough 

0.080 

IX 

2.77 

Sol id/ Rough 

0.030 

TABLE  3 


ROTOR  HUB  AND  TIP  SECTION  STATIC  PRESSURE  RATIO  NEAR  DESIGN  OPERATING  POINT 


Con  f lgur at ion 


I 

II 

III 

IV 

— 

— 

Wall 

Solid/ 

Porous/ 

Solid/ 

Solid/ 

Condition 

Smooth 

Smooth 

Rough  1 

Rough  2 

Tip 

Clearance 

1.48 

1.56 

1.44 

1.30 

R 

1.00604 

1.00598 

1.00609 

1.00614 

c 

8h 

R 

1.0089 

1.0091 

1.0089 

1.0089 

\ 

V 

VI 

VII 

VIII 

IX 

Solid/ 
Rough  3 

Solid/ 

Smooth 

Porous/ 

Smooth 

Solid/ 
Rough  1 

Solid/ 
Rough  2 

1.13 

2.96 

2.92 

2.81 

2.77 

1.00599 

1.00594 

1.00613 

1.00602 

1.00678 

1.0089 

1.0087 

1.0095 

1.0086 

1.0085 

TABLE  4 

T56-A-100  COMPARATIVE  DATA  POINTS 


Shroud  Wall 

T56-A-100 

Roughness — 

Configuration 

Microinches 

I 

70 

II 

500 

III 

BOO 

Comparative  Data 

Comparative  Data 

Points  (S/N) 

Points  (S/N) 

96.3*  N/ 

100*  N/ 

43 


199 

190 

200 

211 

Figure  X.  Low  Speed  Compressor  Facility 


Figure  2.  Blade  Track  Shroud  Wall  Insert  Detail 


Stage  pressure  ratio,  R  h-  Stage  pressure  ratio. 
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1.0044- 

1 

Blade  tip 

Casing  roughness 

Stall 

j 

Configuration 

clearance, 

element  size 

margin— 

j 

a  span 

in.  tm) 

% 

1.0® -r 

O  | 

L« 

Smooth  (Smooth) 
O.QBO  (20.32  x  10/1 

46. 95 

O  III 

1.44 

39.87 

1 

*  IV 

1.30 

OlOBO  (7.62x10,1 

39.41 

| 

feta  v 

1.13 

0.020  S.OSxiO'5) 

40.53 
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Effect  of  Shroud  Roughness  on  Small  Clearance  LSC  Stage 
Performance 


Figure  6 


Effect  of  Shroud  Roughness  on  Large  Clearance  LSC  Stage 
Performance 
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Figure  13.  T56  EMDP  Compressor  Section 
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Figure  16.  T56-A-100  Compressor  Haps  from  Inlet  to 

12th-Stage  Vane  for  Two  Shroud  Roughness 
Values  at  loot  Design  Speed 
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Figure  17.  T56-A-100  Compressor  Maps  from  Inlet  to  llth-Stage 

Vane  for  Two  Shroud  Roughness  Values  at  100%  Design 
Speed 


211 


"Sr 


Casing 
roughness- 
BU  Mi  in. 

□  2  500 

O  3  no 


Comparison 
data  point 
S/N 

IPO 

211 


Comeppdfitai  nfc,  (tff-tVwc 


Figure  10.  T36-A-100  Compressor  Maps  from  Inlst  to 

lOth-Stags  Vans  for  Two  Shroud  Roughness 
Values  at  100%  Design  Speed 


Figure  10.  TS6-A-100  Cosapreasor  Heps  from  Inlet  to 

Discharge  for  Three  Shroud  Roughness  Values 
at  96. 3t  Design  Speed 
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20.  T56-A-100  Compressor  Maps  from  Inlet  to  13th-Stage 

vane  for  Three  Shroud  Roughness  Values  at  56.3% 
Design  Speed 


Casing  Comparison 

roughness-  data  point 
BU  p  in.  S/N 


Corrsctad  Bos  flit,  t^-Ibfsec 


'lours  31.  TS6-A-100  Compressor  Maps  fro*  Inlet  to  12th-St»ge 

*"  Vane  for  Threa  Shroud  Roughness  Values  at  **•-’% 


25-15 


■a 

fc  « 

e* 


Casing 

Comparison 

rough  nass- 

dm  point 

BU 

(*/in. 

S/N 

0  1 

70 

43 

a  2 

500 

199 

O  3 

BOO 

220 

Figure  22.  T56-A-100  Compressor  Maps  from  Inlet  to  llth-stage 

Vane  for  Three  Shroud  Roughness  Values  at  96.3I 
Design  Speed 
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Figure  23.  Md-A-100  Compressor  Naps  from  Inlet  to  lOth-stege 

Vane  for  Three  Shroud  Roughness  Values  at  SS. 3* 
Design  Speed 
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LSC  Configuration  1 
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Figure  29.  Comparison  of  Measured  and  Predicted  Axial  Displacement 
Thickness  and  Shape  Factor  for  LSC  Configuration  II 
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Figure  31.  comparison  of  Measured  and  Predicted  Streamwiae 
Displacement  Thickness  and  Shape  Factor  for  LSC 
Configuration  1 
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Figure  32.  Comparison  of  Measured  and  Predicted  Strsamvisa 
Displacement  Thickness  and  Shape  Factor  for  LSC 
Configuration  II 
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Figure  33.  Comparison  of  Measured  and  Predicted  StreaaMise 
Displacement  Thickness  and  Shape  Factor  for 
Configuration  III 


Figure  34.  Computed  Axial  Displacement  Thickness  (blockage)  and  Shape  Factor  for 
Smooth  and  Rough  Shroud  Mall  T56-A-1O0  Compressors 
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DISCUSSION 


D.K.Hennecke,  Ge 

You  state  in  your  paper  that  the  porous  surface  was  smooth.  Could  you  please  tell  us  what  kind  of  porous  material 
you  used,  what  its  surface  roughness  was,  and  how  thick  the  layer  was. 

Author’s  Reply 

The  material  was  alternating  layers  of  metal  sheet  with  multi-holes  to  provide  inflow  and  axial  flow.  The  surface  was 
smooth  and  somewhat  untypical  of  compressor  shroud  porous  material. 

The  thickness  was  approximately  30  mils  and  the  roughness  was  unmeasured  but  probably  on  the  order  of  about 
70  microinch. 


Ph.Ramette,  Fr 

For  Figure  29,  giving  the  comparison  between  experimental  results  and  calculation,  you  said  that  the  tip  clearance 
was  taken  as  the  sum  of  the  mechanical  clearance  and  the  clearance  addition  due  to  porosity.  The  code  has  been 
modified  to  account  for  axial  but  not  normal  flow.  I  think  that  the  difference  of  velocities  has  also  to  be  taken  into 
account  between  the  flow  in  the  tip  clearance  and  the  flow  going  through  the  porous  material.  Could  you  comment 
about  this? 

Author's  Reply 

Your  observation  is  correct  and  that  type  of  correction  is  under  way.  The  fact  of  the  matter  is  that  both  inflow 
and  outflow  through  the  porous  media  will  have  their  effects  on  the  boundary  layer.  This  is  evidenced  by  the 
significantly  thinner  layer  seen  with  the  porous  media  compared  to  those  seen  with  the  rough  and  smooth  walls. 

The  assumption  of  an  additive  clearance  effect  for  the  porous  shroud  was  an  initial  assumption  for  simplification 
and  is  obviously  erroneous. 
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